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Abstract
Currently, the production of most non-asbestos organic (NAO) friction materials de-
pends on a long and energy intensive manufacturing process and an unsustainable
supply of synthetic resins and fibres; it is both expensive and bad for the environment.
In this research, a new, more energy efficient, manufacturing process was developed
which makes use of a naturally derived resin and natural plant fibres. The new pro-
cess is known as ‘cold moulding’ and is fundamentally different from the conventional
method. It was used to develop a new brake pad for use in low temperature (<400 ◦C)
applications, such as rapid urban rail transit (RURT) trains.
A commercially available resin based upon cashew nut shell liquid (CNSL) was anal-
ysed and found to have properties suitable for cold moulding. In addition, hemp fibre
was identified as a suitable composite reinforcement. This was processed to improve
its morphology and blended with aramid to improve its thermal stability.
Each stage of cold mould manufacture was thoroughly investigated and the critical
process parameters were identified. The entire procedure was successfully scaled up to
produce an industrially sized 250 kg batch of material and the resultant composites
were found to have appropriate thermal and mechanical properties for use in a rail
brake pad.
The tribological performance of these composites was iteratively developed through
a rigorous testing and evaluation procedure. This was performed on both sub- and
full-scale dynamometers. By adding various abrasives, lubricants, and fillers to the
formulation it was possible to produce a brake pad with similar friction characteristics
to the current market material, but with a 60% lower wear rate. In addition, this brake
pad caused 15% less wear to the brake disc.
A detailed examination of both halves of the friction couple found that cold moulded
composites exhibit a different wear mechanism from the current market material, which
was suggested to be the reason for their superior properties.
Cold moulding is 3.5× faster and uses 400% less energy than the conventional
method.
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Preface
Lets be honest: brake pads are not glamorous. But, they are important. Little else
will stop you when you are hurtling along two skinny steel rails in a 40 tonne box at
100 kph without so much luxury as a steering wheel. It was this thought that kept me
going through the long days spent mixing dirty chemicals together in a factory with
no windows, droning machinery, and a thermostat that Satan would be proud of.
Words cannot describe the trepidation with which I began this uncertain journey,
the despair I felt after reading our initial dyno results, or the satisfaction that comes
with determination followed by success. I am proud to think that, one day soon, I
may ride on a train that is fitted with brake pads that I helped to make, and that the
environment is a little better off for my efforts.
This research was funded through the Technology Strategy Board project ‘Ecobrake’
and the technical work was undertaken with the assistance of a number of industrial
partners, each with specific expertise in the friction, natural fibres, or fibre processing
industries. The project consortium comprised the University of Exeter, European
Friction Industries Ltd., Aptec Products Ltd., and Hemp Technology Ltd.
The research presented in this thesis is my original work. However, I sought as-
sistance from experienced research and development personnel within the consortium
to guide my decisions where appropriate. In particular, I drew upon the knowledge of
Steve Payne and Eddy Blackburn at EFI to make the iterative formulation adjustments
explained in Chapter 7. They also helped me to perform the industrial dynamometer
tests and I am extremely grateful for their support.
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Chapter 1
Introduction
The use of unsustainable materials, products, and processes is no longer acceptable in
the modern political climate because these do not protect the natural world for future
generations. Hence, environmentally friendly alternatives have seen prolific growth in
recent years, supported by government legislation and heightened consumer awareness
of environmental issues. Vehicle manufacturers in all sectors have embraced so-called
‘green technology’ in many areas but, so far, not in braking systems (of which friction
materials are a part).
The constituents of a friction material are released into the environment as it wears;
it is estimated that, in 2000, brake wear was responsible for 4,200 tonnes of PM10
emissions in the UK alone [1]. This dust, which includes toxic heavy metal particles
and hydrocarbon compounds is a known carcinogen and has been attributed to the
pollution of soils and water bodies—in particular, the poisoning of marine life in the
San Francisco bay [2–5]. It is, therefore, pertinent to incorporate natural materials
in friction linings where possible, since these are more environmentally benign. In
addition, there would be a corresponding reduction in the energy use and environmental
impact associated with the extraction and/or production of the metallic and synthetic
compounds presently used.
The environmental impact of brake pad production could also be reduced by im-
proving the manufacturing process. The current method is energy intensive because it
requires a significant quantity of heat, which is a direct consequence of the resin used
to bind the friction material together. Hence, the use of an alternative resin could yield
a significant reduction in energy consumption.
Surprisingly little research has been published with respect to the use of environ-
mentally friendly materials and processes in the production of friction materials. How-
ever, eco-friendly composites have been made using a naturally sourced phenolic resin
similar to that used in friction materials [6], and natural fibres (hemp in particular)
have been found to offer suitable tribological characteristics at low temperatures [7–9].
Since resin and fibres are major components of a friction material, it seems possible
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that an environmentally friendly brake pad could be manufactured for use in specific low
temperature applications. One such application is ‘rapid urban rail transit’ (RURT);
examples in the UK include London Underground, Docklands Light Railway and Tyne
and Wear Metro.
Currently, the manufacture of friction materials requires a high energy input owing
to the nature of the synthetic resins used. However, there exists a naturally sourced
phenolic resin, derived from cashew nut shell liquid (CNSL), which requires less energy
to process. This research aims to develop a friction material based upon this resin,
combined with natural fibres, for use in rapid urban rail transit applications. The
new friction material will be produced using a novel low-energy manufacturing process
known as ‘cold moulding’ that will also be developed by this research.
This thesis describes the physical, thermal, rheological, and chemical properties
of the raw ingredients in a simple friction material. It explains how this information
was used to define optimum processing parameters for cold moulding and to create a
baseline material formulation. In addition, it describes how brake pads were tested for
friction and wear performance on an inertial dynamometer and analysed after testing
to develop an understanding of the thermal and tribological processes occurring in the
friction couple. The ultimate formulation that it presents can be adjusted to tailor its
friction and wear characteristics for specific applications.
1.1 Aims and objectives
The intended outcomes from this research are summarised below:
1. The development of a new, low energy manufacturing process for the production
of friction composites by cold moulding.
2. The incorporation of environmentally sustainable materials within a new friction
composite formulation, specifically a CNSL-based resin and hemp fibre.
3. The creation of a friction composite for use in brake pads for RURT trains. This
composite should have the same operating coefficient of friction as the current
market material, but should exhibit a 25% lower wear rate.
1.2 Structure of chapters
This thesis describes the development of a novel friction composite, the manufacturing
process used to produce it, the tribological performance of the composite, and its
incorporation into railway brake pads for passenger rolling stock. This development
process is summarised as follows:
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Raw materials were analysed individually to establish their physical properties since
these influence both the manufacturing process and the tribological performance of the
composite. Of the materials involved, S2501 resin and hemp fibre were the most critical
to cold moulding, so these were investigated extensively. In particular, the resin was
analysed for its cure and flow behaviour and the fibres were examined for length and
specific surface area.
In addition, the thermal decomposition temperature of every ingredient was estab-
lished to aid the interpretation of friction and wear studies. This information would
also help to explain the tribological behaviour of friction composites in later stages of
the research.
Key data from analysis of the raw materials was used to develop the manufacturing
process. Resin and fibres were combined with a few commonly used friction modifiers
and fillers to create a basic cold moulded friction material (DM1976). This material
was used to establish the influence of several process variables on the bulk properties
(e.g. fibre–matrix adhesion) of the composite produced.
Having established the optimum process parameters for cold moulding, the formu-
lation was adjusted to create a proper friction material—the starting point was the
current market material (E308). Development progressed through an iterative process
of sub-scale tribological testing, evaluation, and reformulation until acceptable perfor-
mance criteria were obtained. The thermal characteristics of these composites were
then analysed and compared with those of the raw materials and the observed tribo-
logical phenomena. The mechanical properties of the composites were also considered.
Simultaneously, the ability to manufacture this composite as a brake pad was con-
sidered. Of foremost concern in this respect was the strength of the interfacial bond
between the composite and the steel backplate used to mount it to the brake calliper. In
addition, issues associated with scale-up of production were addressed and benchmark
tests were performed to demonstrate conformance with international standards.
Once acceptable performance had been achieved in sub-scale experiments, tribo-
logical testing was scaled up to replicate service operating conditions. Again, the
composites were analysed in a laboratory and the formulation was adjusted as nec-
essary. Finally, the novel friction material was subjected to a full UIC 541-3 test, as
required for international approval for use on railway vehicles.
A summary of each chapter is presented below:
Chapter 2 provides a review of relevant literature and explains the context within which
this research was performed. An introduction to railway brakes is given, which leads
to a discussion of the composition, manufacture, and testing of friction materials. The
characteristic properties of CNSL resin and hemp fibre (which were fundamental to this
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research) are described and their novelty as friction material ingredients is established.
Tribological theories and observations from contemporary researchers in the field are
then discussed with reference to historically established principles.
A description of the materials used in this research is given in Chapter 3.
The research portion of the thesis is divided into five parts, each with its own
separate methods, results, discussion, and conclusion sections:
• The thermal and physical properties of the raw materials used are examined in
Chapter 4.
• A comprehensive investigation of the cold mould manufacturing process is pre-
sented in Chapter 5.
• The influence of resin and fibre proportions are considered in Chapter 6, together
with the thermal and physical properties of the composite itself.
• Chapter 7 provides a synopsis of the iterative process that led to the development
of a tribologically sound friction material. It then focusses on the detailed friction
and wear performance of selected milestone formulations.
• The most significant findings from the above research are drawn together in
Chapter 8.
• Finally, the additional manufacturing steps required to use the composite in
a railway brake pad and produce it on a commercial scale are considered in
Appendix A.
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The following sections present a discussion of the established knowledge and published
research relevant to this investigation. It begins with an explanation of the config-
uration and performance requirements of an RURT braking system, followed by an
appraisal of the friction materials currently in use—including their composition, man-
ufacture, and testing. This leads to a detailed examination of the current usage and
properties of two eco-friendly materials that this research seeks to exploit: cashew
nut shell liquid (CNSL) and natural fibre—in particular, hemp. The experimentally
observed behaviour of various friction materials is then evaluated with reference to
tribological theory and, finally, the practical aspects of cold mould manufacture (the
process which this research seeks to develop) are considered.
2.1 Rail brakes
Brakes are safety critical components on almost all land based vehicles; they generate
the decelerating force necessary to slow down or stop such vehicles through friction,
the product of which is heat, which must be dissipated into the environment. The
conversion of kinetic energy into heat is necessary but undesirable, since it can have
an adverse effect on friction performance [10]. All braking systems in common usage
share the same fundamental principle of operation and have three basic system ele-
ments: an operating mechanism, a friction material, and a moving counterface. The
operating mechanism forces the friction material against the counterface to form a
‘friction couple’—which is the subject of this research.
One particular type of braking system predominates in RURT vehicles: the ‘disc
brake’. In this configuration, the operating mechanism is in the form of a calliper, the
friction material is formed into a brake pad, and the moving counterface is a cast iron
disc. When actuated, the calliper forces a pair of brake pads to squeeze the disc, thus
generating the required frictional force (Figure 2.1(a)).
RURT vehicles typically travel at speeds of 30–40 mph and have stations that are
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Figure 2.1: Types of railway braking apparatus: (a) a disc brake (plan view), and (b) a block
brake (side view)
often less than 1 mile apart so they stop frequently and rapidly, with decelerating forces
of up to 0.2 g [11, 12]. Fully laden, each carriage weighs approximately 55 t, so the
braking system is required to be capable of dissipating energy at a rate of ∼1 MW per
carriage.
Compared with other rail brake configurations, for instance brake blocks (in which
the friction material is pressed directly onto the rim of a train wheel (Figure 2.1(b))),
disc brakes can accommodate this requirement in a relatively compact space. This is
because the area swept by the friction material is relatively large compared with the
disc diameter.
Discs also dissipate heat more effectively because they are located in an area of
high airflow; the incorporation of cooling vanes further increases efficiency through
forced convection. Cooling efficiency dictates the maximum frictional heat flux that a
brake system may tolerate and, hence, it is directly related to the maximum rate of
deceleration.
With their high cooling efficiency, disc brakes are able to withstand the large heat
fluxes generated by frequent aggressive braking on RURT networks. These brakes are
so efficient that the total number of brakes on a train can be reduced, which lowers the
maintenance costs associated with replacing worn-out pads. Ultimately, however, the
maximum possible rate of deceleration is limited by the wheel–rail friction coefficient
of ∼0.5 [13].
Each time a fully laden RURT train stops from 40 mph, approximately 10 MJ of
kinetic energy per carriage is dissipated to the environment. To improve operating
efficiency ‘regenerative’ braking systems are under development that recover and store
some of the energy wasted for future use, but friction brakes are still necessary for
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low speed and emergency braking [14, 15]. In normal operation, regenerative braking
reduces the thermal load on the friction brakes and therefore mitigates the need for
thermally resilient friction materials. This increases the potential for use of natural
materials, which have an inherently low thermal stability, in brake pads.
This work is focussed on the composition and manufacture of friction materials
for brake pads to be fitted on RURT vehicles. The technical requirements of friction
materials used in this configuration are more demanding than those of brake ‘blocks;’
because of this, brake pads are a commercially attractive product for research invest-
ment. Nevertheless, it is envisaged that the work may be extended in the future, to
include friction materials in a ‘block’ configuration for rail freight rolling stock, despite
the significant differences in performance characteristics.
2.2 Friction materials
As the component which generates the frictional retarding force, friction materials are
a fundamental to all friction braking systems. To meet the performance requirements
of modern transport systems, these composite materials are typically composed of
more than 10 ingredients. This makes them one of the most complex materials in the
composite world. Because of this, their performance is not wholly understood [16–18].
Friction materials are application specific: operational requirements, and therefore
brake pad composition, will vary depending on the type of vehicle for which they are
used. The following sections describe these requirements, and Appendix C explains
how technology has evolved to produce the RURT brake pads of today.
2.2.1 Operation
The fundamental requirement of any friction material is that it should behave pre-
dictably with very little fluctuation in braking performance under all operating con-
ditions. In particular, it should maintain its structural integrity and be resistant to
‘fade’ (a significant reduction in friction coefficient) at high temperatures, such as those
experienced in an emergency braking situation.
Wear of both the friction material and friction counterface (the latter is more ex-
pensive) is also a major concern. Most of the cost of replacing worn-out pads and discs
is incurred through labour and vehicle downtime, not the expense of parts. Therefore,
wear performance is a major driver in brake pad development.
On a typical journey across an RURT network, the energy input to the braking
system will vary between each brake application, yet the friction material must main-
tain a stable coefficient of friction and uniform wear rate throughout. Energy input
can differ for a number of reasons including, but not limited to: passenger volume,
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distance between stations and signals, track gradient, and weather conditions.
A full list of operational requirements for an ideal friction material is presented
below [9, 16, 19–25]:
• Fast pick-up of steady state friction level and predictable operation
• A satisfactory and stable coefficient of friction over a range energy inputs, re-
gardless of age or conditioning history
• Resistance to friction generated heat in the immediate contact areas, i.e. thermal
and oxidative stability
• Resistance to fade
• Good recovery from fade, i.e. a quick return to a stable operating coefficient of
friction after fade
• High resistance to thermal cracking and fatigue
• High mechanical strength to withstand high compressive and shear forces over a
range of temperatures
• Minimal sensitivity to environmental conditions, e.g. water, salt, or mud
• Good compatibility with the friction counterface, i.e. it does not excessively wear
or mark the brake disc
• Practically zero noise and vibration
• Does not generate excessive or harmful quantities of dust or obnoxious smells
• Cheap and consistent manufacture
When one, or both elements of the friction couple is replaced it is common for tribolog-
ical performance to deviate from these requirements initially. This ‘bedding-in’ period
typically lasts for 200–400 brake applications [26, 27].
2.2.2 Composition
There are many classes of friction material, each with significant differences in com-
position, depending on their application. This work is concerned with ‘Non-Asbestos
Organic’ (NAO) materials, so called because of the organic resin matrix which binds
them together (see below).
Modern friction formulations typically contain 10–20 raw materials [16, 28], chosen
from an inventory of over 2000 [20], each of which has a specific purpose for the func-
tion of the friction composite. Some materials, despite having excellent tribological
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characteristics, cannot be used at all (e.g. asbestos or lead compounds), and others are
banned in certain applications—for instance, antimony trisulphide cannot be used on
the London Underground [29].
Although much work has been published, the number of different possible friction
formulations is so great that the tribological effect of individual components within the
composite is not well understood [30, 31]. It is not necessarily the case that an effect
observed by the inclusion of material x in formulation A will also occur if x is included
in formulation B; overall friction and wear behaviour is the net result of complex ma-
terial interactions and synergies that occur at a friction interface. Consequently, much
commercial development of friction formulations is undertaken on an empirical basis,
founded on previous experience [32–34]. Successful formulations are closely guarded
proprietary secrets [15, 23, 31, 35].
Even if the composition of a formulation is known, it is possible that it will behave
differently depending on how it is manufactured. Hence, it is particularly important
that the raw materials chosen enable consistent production and that the manufacturing
process is adapted to maintain or enhance the properties of the composite [36].
Friction ingredients can be broadly classified into the four categories described
below [18, 21, 23, 35]. Some materials perform more than one role but, for simplicity,
each is grouped according to its primary function. This work concentrates on binders
and reinforcements, but the other components are considered since they are necessary
to create an effective friction composite. The brake disc is also described below.
A. Binders form the matrix which bonds together all the other materials in the
friction composite. As such, binders contribute most to the mechanical strength and
integrity of a brake pad [21] and they strongly influence its friction and wear charac-
teristics [15, 28]. Binders must be compatible with all of the other ingredients and
thermally stable at high temperatures to prevent brake fade or catastrophic failure of
the pad.
Typically included at 20% by volume, binder resins must flow and fully wet the
surface of all the other ingredients to become evenly distributed throughout a friction
composite during manufacture [9].
Phenol–formaldehyde (PF) resins are the most common choice of binder in organic
friction materials. These are cheap, thermally stable to ∼250◦C, and compatible with
a wide variety of other ingredients. These thermoset resins can also be chemically
modified to tailor their mechanical, thermal, and reactive properties for specific appli-
cations [35]; several examples of this have been reported in the Literature [37–43].
To form a solid matrix, a PF binder resin must be cured using heat and pressure to
form a network of molecular cross-links; the cross-link density (which is a function of
the resin composition and degree of cure) significantly affects the mechanical properties
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of the resin, and so might reasonably be expected to influence its friction performance
too, although no research has been published on the subject. The cure reaction releases
gasses which can increase the porosity of the friction composite, and are potentially
harmful to human health.
In operation, PF resins exhibit visco-elastic behaviour, this tends to reduce wear
rates because material at highly stressed contact areas is able to flow to reduce the
stress [15, 44]. However, if too much is used, the friction coefficient becomes unstable
at high temperatures because the resin decomposes and can no longer bind the fric-
tion ingredients together [35, 45]. Furthermore, resin decomposition products—which
have a lower coefficient of friction than the resin itself—coat the disc and impair the
function of abrasive ingredients [21, 42]. These are the primary causes of brake fade.
Nonetheless, the decomposition products of a phenolic resin are more cohesive than
those from other types of resin and, in normal operation, they help to stabilise the
friction coefficient by forming a ‘transfer film’ [46]. In addition, phenolic resins exhibit
a superior ‘recovery’ in friction performance after exposure to excessive temperatures.
The majority of commercially available PF resins are manufactured from toxic
crude oil products and are harmful to both the environment and human health [47].
An alternative, more environmentally friendly, and sustainable source exists in the
form of ‘cashew nut shell liquid’ (CNSL). The properties and tribological performance
of these resins are fundamental to this research, so Section 2.3 has been devoted to a
detailed discussion of the subject.
B. Reinforcements are fibres of many types used to provide mechanical support
to the resin matrix, but these also perform several other tribological functions. Research
has been published relating to the influence of fibres on the magnitude and stability of
the friction coefficient, resistance to brake fade at high temperatures, wear behaviour,
noise and vibrations, cost, and manufacture of brake pads [17, 21, 22, 28, 45, 48–57].
The technical requirements of a reinforcing fibre were summarised by Sloan [9]:
• Cheap and readily available
• Thermally stable
• Good mixing characteristics with other raw materials
• Good compatibility with organic resins
• High coefficient of friction against cast iron without excessive abrasion
• High strength and stiffness to provide both reinforcement and toughness benefits
• Increases vibrational damping to reduce noise
10
Literature Review
Before they were banned, asbestos fibres alone would fulfil all of these require-
ments, but no single replacement has been found [21]. Modern friction formulations
contain a variety of fibres that work in synergy to improve the properties of the friction
composite [50, 58].
Metal fibres, especially steel, are of particular significance because they have been
shown to change the contact situation between a pad and disc. Eriksson et al. proposed
that steel fibres produce a stable nucleation site around which wear debris agglomerates
to produce raised plateaus; these plateaus comprise just 20% of the pad area and are
the only regions in ‘real contact’ with the brake disc [16].
Mineral and ceramic fibres are also widely used because they have excellent thermal
stability and stiffness, although they have been associated with health problems [59].
The coefficient of friction of these fibres is approximately proportional to their Mohs
hardness [48]. Potassium titanate whiskers and basalt fibres have been shown to exhibit
a synergistic improvement in friction and wear performance when used in conjunction
with aramid and ceramic fibres respectively [50, 51]. However, mineral and ceramic
fibres are expensive, awkward to process [42], and have been associated with brake
noise [60].
Organic fibres are a cheaper alternative, and are much easier to process, but the
majority lack the thermal stability required for most applications; aramid, however, is
thermally stable to ∼450 ◦C.
The archetypal fibre reinforcement used in conventional NAO brake pad formula-
tions is aramid pulp. The fibres in this material form a resilient and highly entangled
network, which is used to capture the powdered ingredients used in brake pad manu-
facture [9]. The network is supported by large structural fibres of ∼30 µm diameter,
which fibrillate to produce a bulk of fine ribbon-like fibrils of ≤ 1 µm diameter [9].
This characteristic morphology is illustrated in Figure 2.2. Fibrillation occurs because
the manufacturing technique used to produce these fibres induces a thermal stress in
their surface, which creates a skin with a different molecular orientation from the core.
It has been shown that this skin is damaged by recycling processes, hence virgin fibres
are more suitable for use in conventional brake pad manufacture [9]. Several authors
have reported on friction films induced by aramid fibres, which stabilise the friction
coefficient and reduce wear [28, 53, 57].
Natural organic fibres—based on cellulose—are inexpensive, have a much lower
thermal limit and are therefore not widely used in commercially available friction ma-
terials; however, their use as composite reinforcements is well established [61].
Some work has been published that examines the influence of natural fibres on
the friction and wear of brake pads [7–9, 52, 55], all of which shows that wear is
increased at elevated temperatures (although an increase in friction coefficient was
also noted in some cases), which is attributed to the inherent low thermal stability of
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(a) 12.5× (b) 450×
Figure 2.2: Micrographs of aramid pulp [9]: (a) light microscope image of a structural fibre,
and (b) SEM image showing fibrillation of the fibre skin
such fibres. Furthermore, brake pads containing cellulosic fibres also exhibited severe
surface cracking [55]. No work has been published which relates specifically to the use
of natural fibres in brake pads for low temperature applications, e.g. RURT vehicles.
Another drawback to the use of natural fibres is that they are hydrophillic (whereas
organic binder resins are hydrophobic), which reduces their compatibility in composite
materials [62]. There has been much research into the physical and chemical modifica-
tion of natural fibres to increase their affinity with organic binders [63]; this has led to
improvements in composite stiffness, but no work has been published relating to the
effect on friction and wear.
C. Friction modifiers are used to alter the tribological characteristics of a friction
composite, these materials are either abrasives or lubricants. Because the tribological
characteristics of any material are temperature dependent, friction formulations con-
tain a combination of both to ensure that a satisfactory level of friction and wear is
maintained at all service operating temperatures.
Abrasives are hard particles (Mohs hardness 7–8), used in small volumes (typically
< 5%), to raise the coefficient of friction and clean the brake disc. At high tempera-
tures these help to counteract brake fade caused by binder decomposition. Although
improving the lifespan of a brake pad, the (more expensive) friction counterface is worn
away faster, so abrasives must be used with caution. Typical abrasives used are metal
oxides and metal silicates, but their particle size and morphology strongly influences
the strength of their function [42, 64–66]. Recently, it has been found that rice husk
dust offers a suitable eco-friendly alternative source for silicate abrasives [67].
Lubricants are used to improve wear rates and to stabilise, rather than reduce, the
coefficient of friction through the formation of ‘friction films’ [16, 48, 68]. A friction
film is a thin (∼1 µm [30]) layer of material formed between the two components of
a friction couple, but it has a different chemical composition and microstructure from
that of either of those two components [17, 33, 69, 70]. Friction films strongly influence
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brake performance, and are the object of much academic research [25, 30, 31, 70, 71].
However, the nature of their performance is complex, such that a study of the role and
mechanisms of interaction within friction films is beyond the scope of this research.
Graphite is widely used to provide lubrication at low temperatures, although it
has poor compatibility with organic binders [35, 42]. At higher temperatures, metal
sulphides, such as antimony trisulphide, or soft metals such as copper, tin, or brass are
used to promote friction stability [17, 20, 33].
D. Fillers are typically included at greater than 10% by volume. These are in-
expensive materials used to reduce the overall cost of a friction composite without
sacrificing performance. As such, they are generally inert and thermally stable to
at least ∼800◦C [35]. However, fillers often do serve additional technical purposes,
although these are not necessarily related directly to friction and wear performance.
Low frequency brake noise can be suppressed by including mica [72] or vermi-
culite [73], owing to their stratified plane net-like structure, although the same structure
can also weaken the mechanical integrity of the friction material [74].
Differences in thermal expansion between ingredients can also cause cracking of
a friction material, but this can be mitigated by adding molybdenum trioxide [75].
High temperature stability, and therefore resistance to brake fade, can be enhanced
by adding inorganic materials such as barium sulphate and calcium carbonate, which
have a relatively high melting point [76, 77]. At elevated temperatures, the friction
coefficient may be stabilised by the use of alkali metal titanates and ground CNSL
particles [78, 79].
Cured CNSL particles (‘friction dust’) and other visco-elastic materials, for instance
rubber, are sometimes added to make the friction composite more compliant, and
therefore less sensitive to variations in the surface of a brake disc [66, 80].
E. Brake discs are typically made from grey cast iron, which has a high ther-
mal conductivity and a much higher damping coefficient than other metals. Grey
iron contains 3–4% carbon, which forms graphite flakes amongst a matrix of pearlitic
iron [17, 81].
2.2.3 Manufacture
Currently, NAO brake pads are manufactured using a ‘hot moulding’ process (Fig-
ure 2.4) because the resins used require simultaneous heat and pressure to wet all of
the ingredients with resin and bind them into the composite prior to curing.
One of the key stages in hot moulding is ‘preforming’. A dry friction mixture is
weighed and individually positive moulded into pucks having the shape of a particular
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brake pad (Figure 2.3(a)). This operation is performed at room temperature so as not
to cure the resin.
The pucks are then loaded into multiple cavity flash moulds and hot-pressed onto
backplates (Figure 2.3(b)). The pressing cycle is at least 8 min long, and includes a
complicated venting sequence to allow the escape of gasses evolved from the cure of
the resin.
The use of preformed pucks reduces the tooling and changeover costs associated with
direct positive hot moulding, and also allows flexibility in production by increasing the
volume of work in progress. However, the mixing and weighing processes must be
precisely controlled to ensure that each puck has the same height, density, and elastic
recovery, otherwise the pressure distribution in the (multiple cavity) flash mould would
be uneven.
Preforms must also have sufficient mechanical and geometric integrity to withstand
manual handling during production. For this, aramid pulp is used because it forms a
‘highly entangled fibre network’ [9] that captures and binds together the dry powdered
friction ingredients. The same mechanism also suppresses the toxic dust created by
some ingredients.
Aramid pulp is an essential processing fibre for hot moulding, but even in recycled
form it is expensive (∼£10/kg), and in short supply to the friction industry [82].
Furthermore, the entire process is extremely energy intensive: a typical ‘UIC 200’
brake pad, as used on Docklands Light Railway, requires 3.59 MJ to produce. Hot
presses must remain permanently switched on to avoid delays in production caused by
warming up, and maintenance problems associated with cooling down.
UNCOMPRESSED
MIXTURE
(a)
PREFORMED MATERIAL `PUCK’
(b)
Figure 2.3: Compaction moulding techniques: (a) positive moulding, and (b) flash moulding
An alternative low energy method of manufacture known as ‘cold moulding’ is
under development as part of this research. This process would require a just 1.39 MJ
in total to produce a typical UIC 200 brake pad, and is considerably faster too [82].
Furthermore, it does not require the toxic powdered phenolic resins currently used in
hot moulding. A summary of the process is presented in Figure 2.5.
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MIXING
High speed, low shear mixer.  
Dry, powdered materials 
trapped in synthetic fibre 
network
PREFORMING
Friction mix positively moulded 
into a ‘puck’ of brake pad 
shape
HOT PRESSING
Preform pucs flash moulded 
onto backplates at 170 °C for 
> 8 min
POST–BAKING
Brake pads oven–baked at 
150 °C for 3 h
GRINDING
Friction material ground to final 
size.  Chamfers and grooves 
added
FINISHING
Brake material powder 
coated on reverse.  Clips and 
accessories fitted
BACKPLATE PREP.
Steel backplates shotblasted 
and coated in thermally 
activated adhesive
Figure 2.4: The (conventional) hot moulding process
MIXING
Low speed, high shear mixer.  
Frictional heat causes resin to 
coat ingredients
GRANULATION
Friction mix hammermilled into 
fine granules
COLD PRESSING
Friction mix positively moulded 
onto backplates at ambient 
temperature for 15 s
POST–BAKING
Brake materials oven baked at 
150 °C for 3 h
GRINDING
Brake material ground to final 
size.  Chamfers and grooves 
added
FINISHING
Brake material powder 
coated on reverse.  Clips and 
accessories fitted
BACKPLATE PREP.
Steel backplates shotblasted 
and coated in thermally 
activated adhesive
Figure 2.5: The cold moulding process (developed as part of this research)
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2.2.4 Testing
The performance of a brake pad is dependent on several material characteristics but
the most important of these is its friction and wear behaviour. Friction and wear char-
acteristics are measured in a laboratory with an inertial dynamometer, which closely
simulates the real-world inertial behaviour of a train. Measured in this way, current
commercially available RURT friction materials have an average dynamic friction co-
efficient of ∼0.4 and wear at a rate of ∼0.6 cc kW−1 h−1 [82]. Any new material should
have a similar friction coefficient and an improved wear rate.
The International Union of Railways (UIC) specifies a rigorous testing and approval
procedure for all new friction materials to be used on international rail traffic. To be
accepted, a candidate material must pass the bench testing procedure of UIC code
541–3, and exhibit satisfactory in-service performance on several test vehicles over a
period of at least one year [12].
The bench testing procedure prescribes a series of consecutive stops, with varying
power, from a range of speeds (up to 200 km h−1) in both wet and dry conditions; it
also includes drag braking in which the brakes must resist a constant torque for up to
20 minutes. During the test, temperatures are permitted to reach up to 400 ◦C.
The friction material should have an average friction coefficient close to 0.35, which
must not deviate by more than 15% at any point during the test. Afterwards, the
pad surface must be free from cracks, blistering, pitting, metal inclusion or any other
surface defect, and there should be no evidence of combustion or constant noise. The
mechanical, physical, and chemical properties of the pad must also be stable within
the temperature range.
Although the full-scale UIC test is a comprehensive simulation of in-service perfor-
mance, cheaper sub-scale tests are used for academic research and screening purposes
during development. One such test, commonly used, is the ‘Friction Assessment Screen-
ing Test’ (FAST), in which a small sample of friction material is pressed against a disc
rotating at constant speed. Although this simple test cannot be used to infer opera-
tional performance, it is useful to compare the friction and wear behaviour of candidate
formulations [83]. As such, FAST testing was used extensively in this research.
Mechanical strength, in particular shear strength, is also of fundamental impor-
tance; this applies to both the material itself, and the bond with the backplate that
fastens it to the brake calliper. Standard laboratory tests, such as the shear test and
the 3-point bend test, are used to evaluate these characteristics. In addition, thermal
analyses such as DSC and TGA are performed to establish the thermal stability of a
friction composite [20, 84].
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2.2.5 Development drivers
The motivation for technical development of friction materials can be divided into the
following categories. The work presented in this thesis addresses all four:
Legislation — All rail friction materials must meet the standards set by the Inter-
national Union of Railways (UIC) and there are regulations which restrict the
usage of certain raw materials.
Cost — For end users this is the retail price of brake pads plus associated maintenance
costs (i.e. replacement); for manufacturers it is the raw material cost plus the
energy and labour used in production (which are significant).
Performance — End users demand high performance, in particular, low wear rates
(of pads and discs) at low cost.
Environment — The use of unsustainable resources is becoming increasingly unac-
ceptable. Friction manufacturers and rail operators alike are keen to promote a
‘green’ image.
2.3 Cashew nut shell liquid resins
Found in the husk of the cashew nut shell, raw ‘cashew nut shell liquid’ (CNSL) contains
a variety of naturally occurring phenolic compounds. It accounts for 18–27% of the raw
nut weight and, since the shells are a waste product of the food industry, is in cheap
and plentiful supply [85]. CNSL can be used as a source material for the synthesis of
phenol–formaldehyde resins similar to those used as binders in friction materials; the
use of such a resin is fundamental to the research presented in this thesis.
CNSL has been used by the friction industry for over 20 years, but in a different
form: ‘friction dust’—particles of cured CNSL that are added to friction formulations
to adjust their tribological properties (Section 2.2.2).
2.3.1 Constituents
The major components of raw CNSL are anacardic acid, cardanol, and cardol (Fig-
ure 2.6), of which cardanol is the most significant because it has the greatest potential
to form cross-linked phenol–formaldehyde polymers. 2-methyl cardol is also present in
small quantities. Table 2.1 shows the percentage content of each of the constituents.
Cardanol has a bulky 15 carbon atom alkyl side-chain attached at the meta posi-
tion of the phenolic ring. The degree of unsaturation in this side chain varies between
molecules of the same species, i.e. the number of single, double, and triple C–C bonds
in the chain is different. Hence, n in Figure 2.6 can take the values 0, 2, 4, or 6.
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Figure 2.6: Structures of CNSL components
Table 2.1: Typical percentage composition of natural and technical CNSL [85]
Component Natural CNSL Technical CNSL
Anacardic acid 64.9 –
Cardanol 1.20 62.8
Cardol 11.3 12.3
2–methyl cardol 2.04 2.10
Minor components 20.6 22.8
Unsaturated bonds are highly reactive, therefore this chain has the potential to form
cross-links [86–88]. It also imparts a degree of flexibility and hydrophobicity to poly-
mers formed from CNSL resin [86, 89].
During the commercial ‘hot oil bath’ process used to extract CNSL, the raw nuts
are heated to over 120 ◦C, this causes the anacardic acid to become decarboxylated;
the product of which is cardanol (Figure 2.7). Hence, ‘technical CNSL’ obtained in
this way contains 60–85% cardanol [85, 86].
OH
COOH
C 15H31-n
OH
C 15H31-n
2 + +Heat 2CO 2 H2
Figure 2.7: Decarboxylation of anacardic acid
2.3.2 Polymerisation
Synthetic phenol–formaldehyde (phenolic) polymers have found widespread commercial
usage in vehicular brake linings because of their exceptional strength, durability and
resistance to heat. Their cure mechanism is of great significance to the mechanical and
tribological properties of a friction material.
Cardanol (a phenol derivative) reacts in a similar manner; the polymerisation re-
action is described below [86]:
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Stage 1: Substitution of the phenolic ring Cardanol is susceptive to elec-
trophillic substitution at the ortho and para sites; the reaction with formaldehyde
yields hydroxymethyl cardanol in the Lederer–Manasse reaction (Figure 2.8).
OH
O
H H
OH
OH
CH2OH
CH2OH
C15H31-n
C15H31-n
C15H31-n
Cardanol Formaldehyde p-hydroxymethyl cardanolo-hydroxymethyl cardanol
+ OR
Figure 2.8: Substitution of cardanol with formaldehyde
Up to 3 hydroxymethyl groups can be substituted onto a phenolic ring, depending
on the reaction conditions and the presence of meta-substituted groups (e.g. the alkyl
side chain) (Figure 2.9).
OH
OH
CH2OH
CH2OH
C15H31-n
C15H31-n
+ CH2O
CH2OH
+ CH2O
OH
CH2OH
C15H31-n
CH2OHHOH2C
2-hydroxymethyl cardanol 2,4-dihydroxymethyl cardanol 2,4,6-trihydroxymethyl cardanol
Figure 2.9: Poly-substitution of hydroxymethyl cardanol
Stage 2: Condensation polymerisation Hydroxymethyl phenols can then react
with plain phenol, to form a methylene bridge, or they can react with each other to
form an ether bridge. Ether bridges can be further condensed to yield a methylene
bridge (Figure 2.10). The polymers thus formed may then become substituted again
to produce more hydroxymethyl derivatives, which will condense to create longer poly-
mers. . . and so on until no further substitution can occur.
Two different types of ‘pre-resin’ may be produced via the step-condensation of
hydroxmethyl phenols, depending on the reaction conditions: ‘Resole’ and ‘Novolak.’
Resoles are typically liquid at room temperature, contain reactive components, and will
cure without catalysts or elevated temperatures. Because of this they have a limited
shelf-life and are often referred to as ‘one-stage’ resins. Novolaks are typically stable
and solid at room temperature but contain the catalyst required to initiate cure of the
resin at elevated temperatures. These are often referred to as ‘two-stage’ resins because
they require some intervention to begin the curing reaction.
The resin used in this research is a resole derived from CNSL. To produce such
a resin, the condensation reaction must be performed with a mole ratio of cardanol
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Figure 2.10: Polymerisation of hydroxymethyl cardanol
to formaldehyde of 1 to more than 1 in an alkaline solution. Under these conditions
the initial substitution reaction is fast but condensation is slow, which favours the
production of poly-substituted hydroxymethyl phenols (Figure 2.9) [24]. This ensures
that each phenolic ring has the maximum possible number of active sites for the next
stage of the reaction.
The reaction can be brought to a practical stop by reducing the pH to neutrality to
yield low molecular weight, highly branched polymer chains [90]. At this point the resin
is nearly insoluble in organic solvents, but still fusible under heat and pressure [91, 92].
This is the form in which the resins are sold.
At this stage during commercial manufacture, the resin is blended with various
other ingredients to improve its properties [24, 93, 94]. These include:
Hardener — A source of additional formaldehyde and/or catalyst: almost always
hexamethylenetetramine (HMTA) or ammonia
Accelerator — A catalyst to increase the hardening rate, e.g. magnesium oxide
Filler — An inert material used to add bulk; it also improves impact strength and
moderates the exothermic reaction
Lubricant — A mould release agent
Plasticiser — Used to improve flow properties, especially where low mould shrinkage
is required
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Stage 3: Curing Cure of the resin is initiated either by a change in pH, or by heating
the mixture; pressure may also be used to aid flow (in a mould for example) [24, 89].
As the temperature is raised, the hardener and other additives dissolve into solution
with the resin, which is crucial to achieve a complete cure [95]. Resole type resins are
usually hardened with ammonia [96].
The polymerisation reactions described in stage 2 then continue and the polymer
chains form cross-links between each other, resulting in a totally insoluble and infusible
chemical structure (Figure 2.11). The thermal and mechanical properties of the resin
are determined by the density of cross-link bonds.
Compared with a conventional phenol–formaldehyde resin, CNSL-based resins re-
quire a higher temperature and longer duration to reach a complete cure. The gel time
is also ∼20% longer [97, 98].
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C15H31-n C15H31-n
OH
C15H31-n
CH2
HO C15H31-n
CH2
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C15H31-n
CH2H2C
H2C
OH
C15H31-n
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C15H31-n
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C15H31-n
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C15H31-n
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C15H31-n
CH2
HO C15H31-n
H2C
HO C15H31-n
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Figure 2.11: Typical chemical structure of a cured CNSL resin
Commercially available resins are often blended with HMTA, which decomposes
at elevated temperatures to provide both formaldehyde (the required reactant) and
ammonia (which acts as a catalyst). However, the use of HMTA yields the possibility
of an additional reaction product, the dimethyleneamino bridge, although this can
decompose to a methylene bridge at temperatures above 180 ◦C [99] (Figure 2.12).
Side chain reactions Since the side chain in CNSL is unsaturated, it has the po-
tential to form additional cross-links. Acidic catalysts have been reported to induce
side chain addition polymerisation through the formation of a carbonium ion on the
21
Chapter 2
OH
C15H31-n
N
CH2H2C
CH2
CH2
CH2H2C
N N
N
Hexamethylenetetramine
H2
C
H2
C
N
H
OH OH
C15H31-n C15H31-n
Dimethyleneamino bridge
NH3+6
Cardanolic pre-polymer
+3
H2
C
H2
C
N
H
OH OH
C15H31-n C15H31-n
OH
C15H31-n
2+ >180°C NH32 +
OH OH
CH2
C15H31-n C15H31-n
Figure 2.12: Cure of phenolic resin by reaction with HMTA
unsaturated side chains [100, 101]. However, Yadav et al. reported that this does
not occur with weak acids [102]. The cardanol-formaldehyde condensation reaction is
independent of the degree of side chain unsaturation [87, 103].
2.3.3 Factors influencing cure
The performance of a friction composite is strongly influenced by the cross-link density
of the resin that binds it together. This is a function of its degree of cure, which can
be affected by several factors.
A. Temperature and time The curing process of a thermoset such as phenol–
formaldehyde is complex and involves several steps. It begins with the formation
and growth of chains, which then branch and form cross-links with each other. As
the reaction proceeds, the molecular weight of the chains increases until they become
linked together in a network of infinite molecular weight. This abrupt transformation
from a viscous liquid to an elastic gel is called the gel point. It occurs at the moment
when the average molecular weight of the chains diverges to infinity [24]. At this
point, the polymer loses its ability to flow and cannot readily be processed into new
forms. However, gelation does not inhibit the curing process (i.e. it does not affect the
reaction rate) [104]. Beyond gelation, the reaction proceeds towards the formation of
one infinite network with a substantial increase in cross-link density, glass transition
temperature, and ultimate physical properties.
Another phenomenon, distinct from gelation, that may occur at any stage during
cure is vitrification of the growing chains or network. This transition from a rubbery
liquid to a glass is a direct consequence of the cure reaction, and its onset occurs when
the continuously increasing glass transition temperature of chains or network becomes
coincidental with the cure temperature (i.e. when Tg = Tcure) [105].
In the glassy state, there is a substantial decrease in the rate of reaction because it
enters ‘diffusion control’. In this condition, the rate is determined by the speed with
22
Literature Review
which reactive species can move into a position where they can react [104], but since
their movement is restricted by the expansive network of cross-links, diffusion occurs
very slowly. Nonetheless, vitrification is a reversible transition; chemical control can
be re-established by heating to devitrify the partially cured thermoset. This provides
the additional energy necessary to overcome the restrictions imposed by the cross-link
network.
The relationship between the phenomena of gelation and vitrification, and their
relationship with the glass transition temperature, can be illustrated on an isothermal
Time–Temperature–Transformation (TTT) diagram, such as that shown in Figure 2.13.
Gelled rubber
region
Liquid
region
Gelled glass region
Ungelled glass region
Char region
Tg∞
Cu
re
 T
em
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ra
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Log Time
gelTg
Tg0
Vitrification frontGelation front
Figure 2.13: Generalised TTT diagram for a thermoset resin [104]
Three critical temperatures are marked on this diagram, which was described by
Turi [104] as follows: Tg0 is the glass transition temperature of the unreacted material;
gelTg is the temperature at which gelation and vitrification coincide; and Tg∞ is the
glass transition temperature of the fully cured network. On this generalised diagram,
the times to gelation and vitrification are plotted as functions of isothermal cure tem-
perature. At temperatures below Tg0 , the reaction takes place in the glassy state and
is therefore slow to occur. For this reason, thermoset resins should be stored well be-
low Tg0 . Between Tg0 and gelTg, the liquid resin will react without gelation until until
its continuously rising glass transition temperature becomes coincidental with the cure
temperature, at which stage vitrification begins, and the reaction may become diffusion
controlled. gelTg is the temperature at which vitrification and gelation occur simulta-
neously; it is also the lowest temperature at which the resin gels while the reaction is
under chemical control.
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At cure temperatures between gelTg and Tg∞ , the viscous liquid changes to a visco-
elastic fluid, then to a rubber, and finally to a glass. Gelation precedes vitrification,
and the a cross-linked rubbery network forms and grows until the glass transition tem-
perature coincides with the cure temperature, where the reaction may become diffusion
controlled. At temperatures above Tg∞ , the thermoset remains in the rubbery state
after gelation unless other reactions occur, such as thermal degradation or oxidative
cross-linking. It should be noted that the temperature window between Tg∞ and the on-
set of thermal decomposition is relatively small. It is therefore desirable to cure a resin
slightly below this temperature—for a longer period of time—to avoid the possibility
of degradation.
Since cure reaction is exothermic and the rate of cure is proportional to temperature,
a runaway reaction will occur if heat is not removed from the material at a sufficient
rate [106, 107]. This is a particular problem in large batches, where the surface area–
volume ratio is low. The volume of gas produced can also present a hazard [106].
In addition, the reaction mechanism itself is temperature dependent. Ether bridges
will not condense to methylene bridges below 160 ◦C, but above this temperature there
exists the potential for other compounds, such as quinone methides to form; these
compounds have the potential to form cross-links by other means [24, 91, 93, 108].
Furthermore, it is possible for cross-links to form via the meta position on the phenolic
ring in strongly acidic conditions [93].
At temperatures below 60 ◦C polymerisation of hydroxymethyl phenols is extremely
slow [24] but it does occur, hence, resole resins have a limited shelf-life, typically
6 months at room temperature.
B. pH In neutral conditions, the rate of both substitution and condensation is
reduced to a practical standstill, whereas in alkaline media, substitution is more rapid
and more complete (e.g. fewer reactants remain unconverted) [24, 93]. This is evident
from the effect of pH on the gel time of a phenolic resin (Figure 2.14). Therefore, it
is possible to control the rate of cure in friction materials by tailoring the pH of the
formulation.
C. Steric hindrance Although phenol (and cardanol) has 3 reactive sites with an
affinity for formaldehyde, this does not necessarily mean that a tri-substituted phenol
will form 3 cross-links; it may be physically impossible for neighbouring chains and
molecules to orient themselves in such a way as to be able to react.
In cardanol, the long (and considerably bulky) alkyl side chain compounds this
effect: it obstructs molecular motion in general and prevents ortho substituted groups
from reacting altogether [86].
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Figure 2.14: Effect of pH on the gel time of a phenol–formaldehyde cast resin [90]
2.3.4 Thermal degradation
The mechanism for the degradation of phenol–formaldehyde resins has been a matter
of some debate for several years. In 1959, Ouchi and Honda proposed that it occurs in
3 stages [109]. In the first stage, additional cross-links are formed as the result of two
separate condensation reactions between functional groups of the phenolic network.
This is followed by the scission of various cross-links and, finally, by carbonisation of
the residual ring structures.
Four years later, Jackson and Conley claimed that ‘pyrolysis’ was, in fact, domi-
nated by oxidation vulnerable cross-link moieties, such as the methylene bridge [110].
The oxygen for this process was provided by other decomposition products.
Parker and Winkler put forward yet another mechanism in 1967 [111]. They pos-
tulated that degradation was initiated by scission of pendant1 aromatic rings and that
the nature of these products determined the subsequent mechanism.
Whilst all of these mechanisms seem very different, they each have some elements in
common. Trick and Saliba conducted a comprehensive analysis in 1995 and proposed
a new mechanism that essentially confirmed all three previous attempts at quantifica-
tion [112]. They concluded that the degradation process was complex and could not
be simply described. Instead, they proposed that it occured in 3 stages, but that each
of these stages involved both the formation and destruction of cross-links (by various
means) and the subsequent reaction of their products. Nonetheless, the 3 stages broadly
conformed with the model of cross-link formation, followed by cross-link destruction
and/or oxidation, and finally carbonisation.
Other authors have also reported similar results for each aspect of the decompo-
sition process [98, 110, 113–115]. In 2012, Jiang et al. verified the majority of these
findings, but once again claimed that oxidation plays the most significant role in the
decomposition process [116].
It has been shown that the decomposition of CNSL-based resins occurs in 2 major
1Phenolic moieties with just one connection to the rest of the network.
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stages (with onsets in the region of 300 ◦C and 420 ◦C), which correspond with the first 2
stages of degradation for a conventional phenol–formaldehyde resin [98, 117]. However,
there is some considerable natural variation between different CNSL resins [118]. In
contrast with conventional resins, the second stage causes complete degradation of the
material, such that no char is formed [98, 115]. It is not clear from the Literature
why this occurs, but it has been shown that the presence of alkyl substituents (e.g.
an aliphatic side chain) on a phenolic ring reduces its thermal stability [117, 119] and
strongly influences the scission of cross-links [120]. Furthermore, the side chain provides
the possibility for a host of alternative reactions [41, 117] and it has been suggested
that it acts as a fuel for combustion [85].
2.3.4.1 Influence on friction and wear performance
The wear rate of an NAO friction material is particularly dependent on the decomposi-
tion behaviour of the phenolic resin matrix [121]. Furthermore, the friction coefficient
is strongly influenced by the visco-elastic behaviour of the resin at high temperatures.
This behaviour is dominated by the type of functional group that forms the cross-link
between the aromatic components of the network [121, 122]. It has been shown that a
small increase in the glass transition temperature of the resin can cause a significant
improvement in its high temperature wear performance [123]. At temperatures above
180 ◦C, unmodified CNSL based materials are susceptible to brake fade [66].
Hong et al. constructed Arrhenius plots of specific wear rate vs inverse temperature
for an NAO friction material and found a strong correlation [123]. The low activation
energy for the wear process at low temperatures (< 200◦C) correlated with the low
activation energy for thermal decomposition, which was attributed to the breaking of
weak hydrogen bonds between chains. Similarly, the high activation energy for the wear
process at elevated temperatures (> 300◦C) was correlated with the high activation
energy for thermal decomposition by chain scission, oxidation and carbonisation of the
resin. The difference in wear mechanism implied by these results was confirmed by
kinetic analyses and SEM observations of the worn surfaces.
The decomposition of a fibre reinforced phenolic composite is shown schematically
in Figure 2.15. Burning/charring occurs in several stages. The heat source increases the
composite temperature leading to the development of a glassy, dense carbon char and
the emission of various gasses. This char region then acts as a heat shield to insulate
the composite interior [24]. It is this behaviour that gives phenolic resins their heat
resistant properties and led Ostermeyer to describe the ablated layers as a ‘warehouse’
for the supply of ingredients to the friction film [31].
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Figure 2.15: Ablation of a fibre reinforced phenolic composite [24]
2.3.4.2 Chemical modifications
Methods for improving the thermal stability of phenol–formaldehyde resins focus on
strengthening the most vulnerable bonds in the network (i.e. reducing their suscep-
tibility to oxidation/scission) [116]. The primary method of modification is to intro-
duce a heteroatom to the methylol group on the phenolic ring, such that it forms
an ether linkage (rather than a methyl bridge) when it cures (Figure 2.10). Such
linkages have a greater resistance to oxidation and chain scission at elevated tempera-
tures [38, 115, 123].
2.3.5 Use in friction materials
Compared with conventional phenolic binders, CNSL based resins are softer, more
compressible, and more porous when cured [66, 88]. This is a direct result of the
steric hindrance induced by the long aliphatic side chain of cardanolic compounds [86,
88]. Because of this, friction materials containing CNSL compounds are more easily
deformed; this increases their area of tribological contact, and so they exhibit a higher
friction coefficient at low temperatures [66].
Mwaikambo et al. observed that deformation of non-woven hemp–CNSL composites
occurs by plastic flow of the matrix, but they note that water evolved during cure of
the resin has a plasticising effect in addition to that caused by the side chain [6].
Water evolution has also been attributed to the increased porosity of cardanol based
composites [124]. Porosity in friction materials is desirable to a certain extent because
it helps to suppress noise [66]. The presence of water in cured hemp–CNSL composites
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was reported by Aziz et al., although it was unclear whether this was a result of water
evolved during cure, or subsequently absorbed from the atmosphere [125]. However,
the high viscosity of CNSL resins makes them unsuitable for the conventional brake
pad manufacturing process, so their use is not widespread.
2.4 Natural fibres
Fibres perform various mechanical and tribological functions in a friction material
(Section 2.2). Presently, natural fibres such as cotton (from recycled clothing) are
used in small quantities (typically < 5% by volume), but Sloan [9] showed that, in
low temperature applications (e.g. RURT vehicles), they have the potential to replace
synthetic fibres.
The classification of ‘natural fibres’ describes a wide range of fibrous materials
derived from mineral, animal or vegetable sources. Mineral fibres—the most prominent
being asbestos—are generally metamorphic or re-crystallised mineral rocks and are no
longer used in friction materials because they pose a health risk. Animal fibres such
as hair, silk or wool are protein-based structures which, for numerous economic and
performance failings, do not represent suitable candidate fibres for friction materials [9].
Vegetable fibres are based on cellulose, the most abundant natural polymer on the
planet [126]. Cellulose fibres are found within all plant cells and possess very high
mechanical strength and stiffness; some theoretical calculations estimate the elastic
modulus of pure cellulose to be as high as 250 GPa [127, 128]. However, this strength
is never realised in practice because cellulose cannot be extracted in pure form, rather
it is embedded amongst other plant material which adversely affects its mechanical
properties ( Section 2.4.1).
Nonetheless, cellulosic fibres have recently become more popular as composite re-
inforcements as economic and political agendas turn toward the use of cheaper, low-
carbon, sustainably sourced materials [129–131]. Although these fibres have a lower
absolute strength than common synthetic reinforcements, such as E-glass, they are
considerably less dense. This gives them favourable specific properties (Section 2.4.2),
even when the fibre volume fraction or composite thickness is increased to compensate
for their weakness [6].
Vegetable fibre reinforced composites are now commonplace in the automobile and
packaging industries, but their use has not become widespread in high-performance
applications because they still cannot compete with synthetic materials. There are
three major reasons for this technical barrier:
Reliability — As natural products, vegetable fibres exhibit considerable variance in
mechanical, physical, and chemical properties depending on their growth and
28
Literature Review
processing conditions. This is true even of different plants from the same crop in
the same plantation (Section 2.4.2). Furthermore, natural fibres are susceptible
to microbial degradation.
Compatibility — Lignocellulosic fibres are inherently hydrophilic, whereas most syn-
thetic polymer matrices are hydrophobic; this causes poor fibre–matrix adhesion
and reduces composite strength. Much research has focussed on fibre treatments
to improve this interfacial bond (Section 2.4.3).
Thermal stability — Cellulosic compounds have a pyrolysis temperature in the re-
gion of 250 ◦C, this limits the choice of matrix material, manufacturing process,
and service temperature of the end product.
Much research has focussed on improving these shortcomings, in particular by mod-
ifying and/or refining the structure of the fibres [125, 132–144]. As a result, the use of
natural fibres as composite reinforcements is proliferating rapidly [145].
2.4.1 Structure
The function of vegetable fibres in nature is to support the structure of a plant. Various
types exist, with differing properties depending on the type of structure that they
support (e.g. seed, fruit, leaf, stem etc.). The strongest fibres are those found in the
phloem portion of the stem, since these support the entire plant structure; such fibres
are known as ‘bast’ fibres.
Bast fibres are arranged in bundles to form an anastomosis surrounding the xylem
(woody core) along the length of the stem (Figure 2.16). The individual fibres are
elongated, thick-walled plant cells. Each cell can be considered as a naturally occurring
composite consisting mainly of cellulose microfibrils embedded in a hemicellulose–lignin
matrix [145, 146]. The composition and properties of each component are described
below, followed by a discussion of their role within the composite structure.
A. Cellulose is a linear condensation polymer comprised of 1,4–β–D–glucopyra-
nose units (Figure 2.17), approximately 10,000 of which join to form a straight, un-
branched chain [148]. Each repeat unit contains 3 hydroxyl groups, which renders
cellulose hydrophilic [145]. The hydroxyl groups form hydrogen bonds between adja-
cent chains to create a semi-crystalline microfibrillar structure [149]. These hydrogen
bonds, and the degree of polymerisation determine the mechanical properties of cel-
lulose; properties which vary from plant to plant [148, 150, 151]. Cellulose can exist
in many different forms; the form found in nature, α cellulose, is the strongest, but
it is metastable and can be irreversibly converted to the weaker β form by strong
alkalis [152].
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(a) (b)
Figure 2.16: Structure of the (industrial) hemp plant stem [147]: (a) cross-section showing
the location of the ‘real bast’ (iv) and fibres (6 & 7); and (b) longitudinal view
showing the distribution of fibre bundles and joints between anastomoses (1)
Figure 2.17: Chemical structure of plant cellulose
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B. Hemicellulose is not a form of cellulose, although it is also a polysaccharide.
The repeat units in hemicellulose can be any of a number of sugars, whereas cellulose
contains just 1,4–β–D–glucopyranose [149, 153]. This leads to the chains in hemicel-
lulose being much shorter and highly branched, resulting in an amorphous structure
considerably weaker than cellulose [152, 154]. Hemicellulose is also hydrophilic, but is
soluble in alkaline solution [145].
C. Lignin is a complex hydrocarbon polymer with both aromatic and aliphatic
constituents; it has no primary structure whatsoever and is totally amorphous and
hydrophobic [155]. Lignin is considered to be a thermoplastic polymer which has a
glass transition temperature of ∼90 ◦C and melts at ∼170 ◦C. Although considerably
weaker than cellulose, lignin is the compound which imparts rigidity to a plant stem;
it is the primary component of woody tissue [131].
2.4.1.1 Fibre cells
A fibre cell is a multi-layered structure comprising one primary, and three secondary
cell walls surrounding a central lumen; in effect it is a microscopic tube (Figure 2.18).
The middle layer of the secondary cell wall is the thickest and, as such, it dominates
the mechanical properties of the fibre. Each layer contains a series of helically wound
cellulose microfibrils formed from long chain cellulose molecules: the angle between the
fibre axis and the microfibrils is called the microfibrillar angle [156]. Each microfibril
is ∼10–30 nm in diameter and ∼2µm long [157]; it is composed of 30–100 extended
cellulose chains. The microfibrils are hydrogen bonded to an amorphous matrix of
hemicellulose to form the cellulose/hemicellulose network, which is thought to be the
main structural component of a fibre cell [158]. Lignin acts as a coupling agent between
the layers by forming covalent bonds with hemicellulose, thereby increasing the overall
stiffness of the network.
Individual bast fibre cells are approximately 15–50 µm in diameter and 35–40 mm
long. Within a plant, these are oriented along the length of the stem and connected
by lignified pectins (another weak polysaccharide) to form bundles approximately 1.5–
2.5 m long. Since the fibre bundles are considerably weaker the than individual fibres
(40 GPa compared with 70 GPa respectively), the essence of fibre processing lies in
dissolving the lignin/pectin bonds to relinquish the ultimate fibres [147, 149, 150].
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Figure 2.18: Structure of a bast fibre [150]
2.4.2 Properties
The stiffness of a vegetable fibre is dependent on its cellulose content and the mi-
crofibrillar angle [149]. Such characteristics vary between plant species (Table 2.2),
and between fibre cells within the same plant; climate, growing conditions, plant age,
moisture content, and the processes used to extract fibres from the stem all affect cell
structure [133, 149, 159–163]. Fibres with a high cellulose content and low microfib-
rillar angle are the most stiff and least ductile [142, 149, 164]. A weak correlation
also exists for fibre strength with respect to cellulose content and microfibrillar angle,
although this property is dominated by the abundance of defects in its structure [165].
Strength is also dependent on fibre length and fineness: short, fine fibres are the
strongest [155, 166–168]. This is because long and coarse fibres are likely to contain
more defects (either naturally occurring or as a result of processing), and because
these ‘fibres’ are in fact more likely to be fibre bundles rather than ultimate fibres
(some literature makes no distinction). Moisture content also affects strength; hemp,
for example, becomes more brittle when its moisture content drops below 10% [169].
Table 2.2: Structure and composition of some common vegetable fibre cells [147]
Fibre Cellulose Microfibril Cell Cell
content angle diameter length
(% wt.) (◦) (µm) (mm)
Jute 61 8.0 5–25 0.75–6
Flax 71 10.0 8–31 8–69
Hemp 78 6.2 13–41 5–55
Ramie 83 7.5 17–64 60–250
Kenaf 50 – 14–33 1.5–11
Sisal 67 20.0 7–47 0.8–7.5
Coir 43 45.0 12–20 0.3–1
In consideration of the structure and composition of fibres presented in Table 2.2,
hemp is a promising candidate reinforcing fibre. A comparison of its mechanical and
physical properties with common non-vegetable fibres (Table 2.3) confirms this to be
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true. However, it is evident that hemp fibres exhibit considerable variation in their
mechanical properties. Hemp is a popular choice as a composite reinforcement because
it is widely available, cheap, and easy to grow, moreover it has been suggested as a
suitable material for use in friction materials (Section 2.4.3.1).
Since this research was funded by the Technology Strategy Board project ‘Eco-
brake,’ which specifically examined hemp fibre as a replacement for aramid in friction
materials, no other natural fibres were considered for use in this investigation.
Table 2.3: Mechanical and physical properties of some common reinforcing fibres [147, 170]
Fibre Density Tensile Young’s Specific Elongation Moisture
strength modulus modulus at failure content
(g cm−3) (MPa) (GPa) (E/ρ) (%) (%)
Hemp 1.48–1.49 300–900 68–70 46–47 1.6–4.2 8–10
Aramid 1.45 2, 800 80 28.8 3.3 0–7
E–Glass 2.50 2, 400 70 28.0 2.5 0
Steel 7.90 1, 200 210 26.2 15 0
2.4.3 Use as composite reinforcements
The use of natural fibres as composite reinforcements has been widely reported with
both thermoplastic and thermosetting matrices [145, 149, 151, 171]. The inherent
polarity of the fibres makes them more suitable for combination with polar matrices,
a category which includes most organic thermosetting resins [145, 172]. However, it is
commonly accepted that virgin fibres, extracted by established methods (such as that
described in Section 2.4.4.1), do not provide sufficient strengthening to compete with
conventional reinforcements, such as E-glass, in high performance applications [6, 173].
The impact strength of natural fibre reinforced composites is particularly poor [62, 174].
Some research has focussed on finding alternative means of extraction to improve fibre
quality in this respect, but these have had limited success [159, 175–178].
Far more researchers have concentrated on improving composite strength by mod-
ifying the fibres after extraction. The most extensively investigated treatment is mer-
cerization by immersion in aqueous sodium hydroxide, which has been reported to work
in a number of ways ( described below), but is most effective on ‘retted’ fibre because
its lignins and pectins are more available to the chemical reagent (Section 2.4.4.1).
Sodium hydroxide selectively attacks and removes the non-cellulosic components
in a vegetable fibre cell. In particular, it acts on the amorphous phase of hemicellu-
lose [132, 141]. Lignin is affected to a lesser extent (sodium chlorite can be used to
remove lignins in preference to hemicellulose) [179]. By removing these components,
the porosity of the fibre is increased; this allows matrix resins to penetrate more deeply,
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so the cellulose microfibrils become more more accessible [134]. The effective surface
area for interfacial bonding is increased by the same mechanism. In addition, sodium
hydroxide irreversibly converts crystalline cellulose I into form II, which has a more
disordered arrangement of chains and greater tensile strength [180, 181]. Maximum
composite toughness is achieved by using cellulose fibres with a microfibrillar angle of
15–20 ◦ [151].
The removal of non-cellulosic components also modifies the chemical and physical
properties of the fibre surface, in particular it increases the quantity of hydroxyl groups
available for bonding with polar matrices [182]. Although this would be expected to
weaken composites made with non-polar matrices, mercerized natural fibre reinforced
polypropylene has exhibited improved strength characteristics [134]. This is because
the treatment also increases surface roughness, which provides a stronger mechanical
lock for bonding with resin matrices [125, 138, 183, 184].
Non-polar matrix composites can be further reinforced by the addition of ‘coupling
agents,’ such as maleated polypropylene (MAPP), which acts as a bridge between the
fibre and matrix [185]. MAPP forms covalent ester linkages with a cellulose fibre,
and bonds to the matrix by chain entaglement [134, 149, 186]. MAPP has also been
shown to improve the thermal stability of natural fibres by stabilising the remaining
hemicellulose and lignin components left after treatment with sodium hydroxide [134,
151]. An increase in the onset of thermal degradation of hemp from 276 ◦C to 316 ◦C
has been demonstrated with MAPP [134].
Virgin hemp has been shown to have the highest thermal stability of all natural fi-
bres commonly used for composite reinforcement [138], and this is further improved by
mercerization with sodium hydroxide. The treatment removes some of the amorphous
cellulose present in the microfibrils to enable a tighter crystallite packing arrange-
ment [187]. In addition to raising the thermal decomposition temperature, this also
increases the strength of the fibres [156, 180]. However, excessive treatment duration or
temperature, or the use of sodium hydroxide concentrations greater than 6 M weakens
the cellulose chains [140].
Not all hemicellulose is removed by mercerization; approximately one third remains
stably hydrogen bonded to the cellulose microfibrils [133, 188]. However, by removing
some of it, the sorptive properties of the fibres are altered; in particular, the availability
of hydroxyl groups and greater porosity increases their affinity for water.
All polymer composites absorb moisture in a humid atmosphere and when immersed
in water. Three mechanisms of water ingress have been proposed [189, 190]:
Diffusion of water molecules through micro gaps between polymer chains
Capillary transport along gaps and flaws at the fibre–matrix interface
Micro damage — the flow and storage of water through micro cracks
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The first mechanism is dominant; the other two become active only once damage has
occurred. Typically this is caused by environmental effects, service conditions, or fibre
swelling, and results in fibre–matrix debonding or the formation of micro cracks [190].
Water selectively attacks and destroys the fibre–matrix interface and the process is
greatly accelerated at elevated temperatures.
Working with hemp fibres and unsaturated polyester, Dhakal et al. found that com-
posites immersed in water became saturated after 888 h at room temperature, but this
was reduced to 31 hrs at 100 ◦C [189]. However, several authors have reported different
water uptake behaviour depending on the fibre–matrix combination and method of
composite construction [188, 189, 191, 192].
To prevent damage from water uptake, a strong, coherent fibre–matrix interface is
necessary. Hepworth et al. have described a method for strengthening this interface by
enabling the matrix material to penetrate the cell wall [137]. Their process involves
soaking natural fibres in a urea solution (which affects the hydrogen bonding between
cellulose microfibrils) so that, when subsequently soaked in water, the uptake is much
greater than normal and the cell walls swell to a greater extent. The water is then
slowly replaced with alcohol without causing the cell wall to shrink. When these
fibres are used with an alcohol miscible matrix material, the swollen cell walls allow
polymer chains to penetrate, resulting in a very effective bond. Using this method they
have produced flax–epoxy composites with a 30% increase in stiffness compared with
untreated fibre; strength was unaffected.
Very little work has been published with respect to the use of CNSL as a bio-
composite matrix material; that which is available concentrates on hand lay-up com-
pression moulding techniques. Bisanda et al. successfully produced bi-directional cor-
rugated roofing panels with mercerized sisal fibre and CNSL resin, but it was noted
that fibre–matrix interfacial bond strength was weak [87]. Mwaikambo et al. reported
that untreated hemp fibres containing lignin demonstrated better compatibility with
the matrix than mercerized fibres, possibly because the untreated fibre surface offers
additional cross-linking sites [6]. A similar trend was observed by Hepworth et al. with
unretted hemp–epoxy composites, but they warned of a breakdown of the lignin–fibre
bond over time, resulting in composites with a limited shelf life [193]. Maffezzoli et al.
observed a decrease in stiffness and strength of CNSL based biocomposites when the fi-
bre volume fraction exceeded 15% [124], whilst Aziz et al. showed that impact strength
is compromised when flexural strength and toughness of hemp or kenaf–CNSL com-
posites are optimised [125].
2.4.3.1 Use in friction Materials
The use of natural fibres in friction applications is not widely reported; cellulosic fibres
exhibit low thermal stability compared with service operating temperatures. Further-
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more, it has been demonstrated that these fibres raise braking temperatures when
used in place of aramid and consequently, friction materials based upon them wear
at a higher rate [8, 9]. The same researchers also found that vegetable fibres cannot
perform the same role as aramid in the conventional brake pad manufacturing process.
Similar results were reported by Xin et al. at temperatures above 150 ◦C, but at
lower temperatures they reported that sisal fibres increase the friction coefficient and
reduce the wear rate of CNSL based friction composites [7]. This improvement was
optimal with a fibre volume fraction of 20%. They also state the importance of the
ratio between resin and fibre, which they found to be optimal at 3:4.
Working with jute reinforced polyester composites, El-Sayed et al. also report that
a 20% fibre volume fraction yields the greatest improvement in friction and wear per-
formance [194]. This improvement was only realised for fibres oriented normal to the
direction of sliding. In other configurations jute fibre was less effective, or even detri-
mental to friction performance. Similarly, Chand and Dwivedi found that sisal fibres
produced their maximum benefit in epoxy composites when oriented normal to the
sliding direction [195]. This is because only a small portion of each fibre is exposed to
the friction interface, the rest is firmly embedded in the matrix, and therefore more
resistant to detachment.
Composite wear behaviour is strongly dependent on the fibre–matrix interfacial
bond strength. Chand and Fahim propose that wear of a polymeric composite pro-
ceeds in four steps: (i) matrix wear, (ii) fibre wear, (iii) fibre fracture, and (iv) fibre–
matrix interfacial debonding. They found that the fourth mechanism is dominant in
polymer composites because it leads to extensive pulverisation of the fibres, which be-
come susceptible to hard abrasives after being peeled off from the fractured polymer
matrix [196].
Interfacial bond strength can be improved by the use of coupling agents (Sec-
tion 2.4.3). Chand and Dwivedi have demonstrated that MAPP greatly reduces the
wear rate of jute–polypropylene composites, and that silane has a corresponding effect
on sisal–polyester composites [186, 197].
However, at high temperatures the fibre wear mechanism changes from an abra-
sive cutting action to thermal degradation, and composite wear rates increase accord-
ingly [7]. Nevertheless, natural fibres have been proposed for use in friction materials
by both Sloan and Xin, who recommended hemp and sisal respectively [7, 9].
2.4.4 Hemp
Hemp was the sole natural fibre considered for use in this research, based upon its
success as a friction composite reinforcement in a previous research project: ‘Eco-
Pad’ [198].
36
Literature Review
‘Hemp’ is a generic term for all species of the genus Cannabacae, a genus notorious
for its plant varieties that produce ‘tetrahydrocannabinol’ (THC), the psychoactive
component of the illegal drug Marijuana [199]. The plants most useful for fibre pro-
duction belong to a different species from those grown for drugs: ‘industrial hemp’
plants belong to the species Cannabis Sativa L. [200, 201]. In the EU, industrial hemp
may be grown under licence (regulated in the UK by the Home Office) and is defined
as that which has a THC content below 0.2% [202, 203].
Hemp has many uses2, in particular, the stem of the plant produces fibres which
have been used in ropes, nets, sailcloth, and other high strength applications since
biblical times [205, 206]. More recently, these fibres have been used to replace E-
glass in fibre-reinforced composites [6, 61, 155], and as a substitute for (expensive and
unsustainably sourced) synthetic fibres in friction linings [8, 9].
Hemp is an annual plant, grown from seed. Both monoecious and dioecious3 forms
occur in nature; the dioecious variety yields more fibre, but the male plants suffer
considerable damage during processing [147, 163]. Cannabis Sativa has many culti-
vars, selectively bred for optimum fibre properties, but generally there is an inverse
relationship between fibre yield and quality [147].
Fibre crops are densely sown (∼180 seeds/m2) because spacing the plants closely
restricts the amount of light available to the lower reaches of the stem; this discourages
the production of foliage and promotes stalk growth [206, 207]. In particular, the
bast fibre content of the plant stems is increased, and the fibres have a lower lignin
content [162, 208, 209]. Seeds are drilled into the ground in a uniform pattern to ensure
that all plants recieve the same quantity of light and thus produce fibres with similar
properties [201, 207].
Hemp flourishes on land rich in nitrogen; this most important nutrient promotes
rapid growth and high fibre yield. Stalks become hollow and tall as the plant devotes
its energy to the production of fibre rather than wood and pith [163, 210]. Under ideal
conditions the stem can reach as high as 5 m tall and 30 mm in diameter [147, 211],
but the best quality fibres come from plants with more modest dimensions (∼2 m ×
5 mm) [146, 207]. Typical crop yields are in the region of 5–7 tonnes/ha, of which
approximately 20% is fibre.
Despite its apparent dependency on nitrogen, hemp actually needs less fertiliser
than other crops grown for fibre; it requires just one third of that used to grow cotton
and only half that of flax (its closest rival in terms of fibre production) [206]. Water
soluble nutrients consumed by hemp are leached back into the ground immediately
after harvest during the ‘retting’ process (see below), so in effect most of the nutrients
2Products of the hemp plant include cosmetics, food, medicine, textiles and clothing, animal bed-
ding, thermal insulation, man-made fibreboards, paints, inks, paper, and even plastic [199, 204].
3A single monoecious plant has both male and female flowers, whereas dioecious plants are either
male or female.
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required to grow hemp are merely ‘borrowed’ from the land.
Furthermore, hemp needs no herbicides or pesticides. Once germinated, crops
require very little attention until harvest, provided there is sufficient rainfall (or irriga-
tion). Their dense foliage suppresses practically all weeds, and secretions of THC (and
other cannabinoids) possess insecticidal and repellent properties that protect it from
most forms of attack [157, 212].
2.4.4.1 Fibre extraction
Hemp fibres must be separated from the other components in the stem before they can
be used. No lignins or pectins should remain bound to fibre surfaces after processing,
since these can adversely affect bonding with polymer matrices [62, 132, 193], nor
should the final product be contaminated with ‘shiv’ from the woody core of the stem.
Currently, all processing techniques involve some mechanical interaction, but this can
damage the fibres and creates a lot of dust [165, 213, 214]. Exposure to hemp dust,
particularly that from retted hemp (see below), has been highlighted as a potential
health risk [215, 216].
A. Harvest Precisely when to harvest a hemp crop is a decision which affects
fibre quality, strength and yield [132]. The Ministry of Agriculture, Fisheries and
Food (MAFF) reports that early harvests generate finer fibres, but that stalks reaped
later yield more fibre overall [207]. This is because the plant produces cellulose (the
major constituent of the fibres) continuously until harvest, but lignin production (which
binds the fibres together) begins only when cell elongation (i.e. stalk growth) has
ceased [162, 209, 217]. Lignin impedes fibre recovery during processing.
B. Retting Retting is a biological process in which the pectins and lignins that
bind the fibre cells to each other and to the other components of the stem (Sec-
tion 2.4.1), are selectively attacked and removed by naturally abundant bacteria, fungi
and other microorganisms. In doing so, the efficiency, yield, and quality of fibres from
subsequent mechanical processes is improved [201]. Less energy is required to extract
and separate retted fibres, so they suffer less damage during processing, which results
in longer, finer fibres [147, 169].
The principle of all retting procedures is to increase (or simply maintain) the stem
moisture content to a level that promotes rapid growth of the necessary lifeforms. To
achieve this, the harvested plants are simply left in a field to rot for approximately 30
days, although this is strongly dependent on weather conditions, in particular rainfall
(which should be ∼600 mm/month for optimum retting [147]).
Alternatively, the plants may be submerged in large open air tanks or water courses,
a method that is more controllable but can leach excessive quantities of nutrients into
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the environment [218–220]. Temperature and stem size are important variables in both
methods [146, 147, 221].
Too much retting causes damage to the cellulosic fibres [222, 223]. Once finished,
the stems must be dried until their moisture content is below 15% to prevent further
breakdown during storage [218, 224].
In an attempt to improve fibre quality, recent research has focussed on the de-
velopment of pectolytic enzymes and specific bacteria cultures which act on freshly
harvested stems subjected to immediate de-cortication (see below) [225–228]. Other
techniques under investigation include ultrasonic fibre separation [175] and ‘steam ex-
plosion’ [159, 176, 177].
It is possible to process hemp without any form of retting, particularly if short
fibres are desired, as is the case for composite manufacture [193]. To do so, the hemp
must be artificially dried until the moisture content is below 12%, but this is unlikely
to be economical on a commercial scale [169].
C. Decortication is the first mechanical operation after retting, it serves to de-
tatch the phloem (which contains the bast fibres) from the xylem (woody core) portion
of the stem (Figure 2.16). The stalks are split longitudinally between a pair of smooth
rollers, then pass through a series of ribbed rollers. Each pair of these rollers has a
tighter pitch than the last, so the woody core (also known as ‘hurds’ or ‘shiv’) is broken
(transversally) into smaller and smaller pieces until the majority of it separates from
the fibres (Figure 2.19) and is removed before the next stage of the process [147, 162].
Hemp stalks IN
Decorticated
fibre OUT
Hurds OUT
Figure 2.19: The decortication process
D. Scutching follows decortication and serves to remove all hurds which still ad-
here to the fibre bundles. Stalks are presented to a pair of high speed, counter-rotating
‘scutching turbines.’ These have three or four blades each, and beat the stalks to re-
move the hurds (Figure 2.20). Next, the extracted fibre bundles are passed through a
step-cleaner and reciprocating screen which separate practically all traces of the hurds,
and classify the fibres by length [147].
39
Chapter 2
Decorticated
fibre IN
Clean
fibre OUT
Hurds OUT
Figure 2.20: The turbine scutching process
E. Cottonizing De-corticated fibres are (almost) entirely clean of hurds, but are
far too crude to be used in composite manufacture. Further refinement is necessary to
separate the bundles into ultimate fibres, which is achieved by ‘cottonizing’.
Inside a cottonizing machine is a large drum, populated with a dense arrangement
of long spikes, rotating at high speed. The fibre bundles are presented to this drum
slowly and are teased/torn apart (Figure 2.21).
Clean
fibre IN
Cottonised
fibre OUT
Figure 2.21: The cottonizing process
Inevitably, such a vigorous process considerably shortens the fibre length; approxi-
mately half of all fibres with lengths in the range 20–100 mm are reduced to 10–20 mm,
whereas shorter fibres are much less affected [139, 193].
The mechanical properties of non-woven composites are not dominated by the ab-
solute length of natural fibre reinforcements, however the length/diameter (L/D) ratio
is critical [229, 230]. To achieve the desired ratio, fibres should ideally be affined down
to their individual fibrils [231]. The L/D ratio affects the:
Number of fibres per unit volume — Increasing the quantity of fibres in a com-
posite reduces tension concentrations at fibre ends and reduces pull-out [232]
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Fibre surface area — Increased surface area strengthens the fibre–matrix bond
Fibre orientation distribution — Finer fibres (higher L/D ratio) become more ori-
ented during processing and can therefore be aligned to provide optimum rein-
forcing properties to a composite [233, 234]
F. Chopping The final stage in fibre processing is to chop the fibres to a nominal
length. This is done by passing the cottonized fibres through a reciprocating blade
without further alignment; the actual fibre lengths form a skewed distribution of the
form in Figure 2.22 [235].
Fibre Length
Fr
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y
Figure 2.22: A typical fibre size distribution after processing
2.4.4.2 Blending
In the textile industry it is common to blend fibres—particularly natural and
synthetic—together to improve their appearance and performance. Similarly, the
properties of a composite can be altered by using a blend of reinforcement fibres.
Blending ensures that the components of a non-woven reinforcement are distributed
as homogeneously as possible when the composite is mixed.
Blending is performed prior to chopping. The machine used is similar to that
used for cottonizing (see above); the feedstock is a sandwich of the component fibres,
alternately layered in appropriate proportions. The sandwich is presented to a spiked
drum, which combines the fibres into a coarse mixture; this is then refined through a
cyclone of turbulent air to produce a homogeneous blend.
2.4.4.3 Chemical modification
Once extracted, it is common to treat the fibres by various chemical means to improve
their properties (Section 2.4.3). Such treatments often involve the removal of non-
celullosic components and the modification of their surface chemistry to improve their
affinity with other compounds (e.g. a matrix resin) [181].
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2.5 Tribology
Tribology is ‘the science and technology of interacting surfaces in relative motion’ [236],
which encompasses the studies of friction, wear, and lubrication—none of which are
mutually exclusive in the real world.
When a normal force exists between two bodies in contact, a tangential force is
required to move one over the other. This force is due to friction and is caused by
electro-mechanical interactions between the two surfaces. Even the smoothest of sur-
faces are subject to friction as a result of asperity contact on a microscopic scale.
Surface interactions cause wear to one, or both bodies as they move past each other.
These interactions, and their associated wear mechanisms, are many and complex, but
they depend heavily on the relative hardnesses of the materials involved [237].
Analysis of the wear mechanisms in brake pads is therefore particularly difficult
because they contain materials with (Brinell) hardnesses that span three orders of
magnitude. Furthermore, they operate under extreme mechanical stresses at tempera-
tures from sub-zero to above 1000 ◦C. Under such conditions the physical properties of
their constituent materials can change as a result of chemical reactions (e.g. oxidation)
and thermal degradation.
The sections below present idealised cases from which general tribological equations
have been established, followed by a discussion of empirical observations from real
friction materials.
2.5.1 Surface contact
When examined on a short enough length scale it becomes apparent that no engineering
surface is perfectly smooth; instead it resembles the topography of a mountain range
(though slopes rarely exceed 10 ◦ inclination) [237]. The peaks (asperities) bear the
load of any body in contact with it, thus the real contact area is considerably smaller
than the nominal contact area. The extent of this difference depends, in part, on the
roughness of the hardest mating surface in the friction couple, and has a significant
effect on friction and wear performance [237].
For convenience, asperities are usually modelled as cones, pyramids, or hemispheres.
Average roughness is commonly used to quantify surface topography. This is defined
as the arithmetic mean deviation of surface height from the mean line, where the mean
line is defined such that equal areas of the profile lie above and below it.
Ra =
1
L
∫ L
0
|y(x)|dx (2.1)
The roughness of a surface defines, in part, the nature of deformation that occurs
when its asperities are are brought into contact with another. If there is a significant
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difference in hardness between the surfaces (as is the case for an NAO friction material
rubbing against a cast iron disc) then the asperity contact can be modelled as that of
a sphere pressing against a flat plane.
An idealised case of purely elastic asperity contact was derived by Hertz in
1881 [238]. In his analysis, a rigid sphere of radius r is pressed against a flat plane
under a normal load w; contact occurs over a circular area of radius a according to:
a =
(
3wr
4E∗
) 1
3
(2.2)
where E∗ is an elastic modulus that depends on the Young’s moduli and Poisson’s
ratios for the materials of the sphere and plane. For an ideal surface composed of an
array of identical hemispheres, Hertzian theory predicts that, for purely elastic contact:
A ∝ W 23 (2.3)
and for perfectly plastic asperity deformation:
A ∝ W (2.4)
where A is the total real area of contact and W is the total load. However, it has been
shown by statistical treatment of real engineering surfaces that, in fact, Equation 2.4
applies in both cases [239–241]. This is because additional asperities come into contact
with each other as the normal load is increased. Hence, the average area of contact for
each asperity remains constant, but the increased load is borne by a correspondingly
increased number of surface asperities.
For real surfaces, Greenwood and Williamson [240] demonstrated that the critical
load at which asperity contact becomes predominantly plastic is dependent on both
the intrinsic mechanical properties of the contacting materials and their surface topog-
raphy. These are combined in a ‘plasticity function’ Ψ:
Ψ =
E
H
(
σ∗
r
) 1
2
(2.5)
where E is an elastic modulus that depends on the Young’s moduli and Poisson’s
ratios of the two surfaces, H is the indentation hardness of the rough surface, σ∗ is
the standard deviation of the surface height distribution, and r is the average asperity
radius. The quantity (σ∗/r)1/2 is approximately proportional to the average slope of
the asperities. Asperities will deform elastically for Ψ < 0.6, whereas plastic behaviour
dominates when Ψ > 1. Thus, for polymer–metal contact, at pressures typical of
railway braking, deformation is predominantly elastic.
In respect of disc wear on RURT vehicles, surface roughness is also of significance
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because it is considered unacceptable for a brake pad to cause excessive ‘damage’ to a
brake disc, irrespective of the actual wear rate [29].
2.5.2 Theories of friction
Friction is the resistance to motion encountered when two bodies in contact attempt
to move relative to each other [237]. It is caused by interactions between asperity
contacts and is thus independent of the apparent contact area. Since the real contact
area is proportional to the normal load, it follows that friction should obey a similar
relationship, thus:
F = µW (2.6)
where µ is the friction coefficient and is the ratio of tangential frictional force F to
normal load W . It has a value of 0.1–1.0 for most common materials sliding in air [237].
Equation 2.6 is Amontons’ First Law of Friction, and it is obeyed reasonably well for
many materials sliding unlubricated in air—though polymers are a notable exception.
In addition, it has been demonstrated emperically that the force due to friction is
independent of sliding velocity [237] (Coulomb’s Law of Friction), although this is not
universal either.
Friction arises from two sources, a deformation force—needed to plough the asperi-
ties of one surface through another (softer) one—and adhesion—developed at the areas
of real contact between the surfaces; neither mechanism operates independently.
µtot = µdef + µadh (2.7)
A. Friction due to deformation is estimated by considering a rigid conical as-
perity of semi-angle α ploughing through a plane surface. Thus, it can be shown that
its contribution to the friction coefficient µdef is given by:
µdef =
2 cotα
pi
(2.8)
Hence, µdef should be less than approximately 0.1 for most engineering surfaces,
since the maximum inclination of their asperities is ∼10 ◦.
B. Friction due to adhesion is caused by the interaction of (strong) atomic
forces, therefore it requires intimate contact between materials and can only occur
to an appreciable extent if they are clean, oxide free, soft, and ductile. Laboratory
experiments with such materials have shown that the strength of adhesive bonding is
greater than the bulk shear strength of the softer material—a phenomenon that can
cause excessive wear. The adhesive contribution to the friction coefficient is given by:
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µadh =
s
H
(2.9)
where s is the bulk shear strength of the softer material and H is the indentation
hardness of that material (a measure of the normal stress which the asperities are
capable of supporting). Hence, the adhesive contribution to the friction coefficient µadh
should be approximately 0.2, since H ≈ 5s [237].
However, the true magnitude of adhesive friction is dependent upon the size of the
real contact area, which itself is influenced by the tangential retarding force. This
creates a positive feedback loop with potentially catastrophic consequences. Bowden
and Tabor [242] showed that, for a given static load, the real area of contact between
two asperities must increase in proportion to the tangential force (Equation 2.10). In
their analysis, the shear yield strength of a junction between two asperities is related
to the uniaxial yield stress of the bulk material by the Tresca criterion.
W 2 + 4F 2 = A2P 20 (2.10)
Since the plastic yield stress, P0, is an intrinsic material property, for constant
W the area of contact must increase in proportion to tangential force—this is known
as junction growth. Adhesive and deformative forces also increase in proportion with
contact area, so the tangential force is further increased (Equation 2.6), which leads to
more junction growth. . . and so on. This continues until the interfacial shear strength
τi of the asperity junction is reached. This is the theoretical basis for the phenomenon
of contact patch formation and destruction observed on the surfaces of real brake pads
(Section 2.5.4.1). Because of this, friction formulations contain a carefully balanced
mixture of lubricants to moderate the friction coefficient throughout their operating
range.
An expression for µadh based on the the shear strength of asperity contacts can be
derived from theory:
µadh =
1
2
{
(τ0/τi)
2 − 1}2 (2.11)
where τ0 is the shear yield stress of the bulk asperity material. This relationship is
important because it shows that the friction coefficient can be significantly reduced by
introducing an interface material with a shear strength weaker than that of the bulk
asperities. An interface just 10 % weaker than the bulk is sufficient to reduce µ to
about unity. This is the principle of lubrication and it explains why materials such as
graphite and molybdenum disulphide contribute to the formation of stable third-body
transfer films on the surface of friction materials.
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2.5.2.1 Polymers
Although polymeric resins occupy less than one fifth of a friction formulation (by
volume), they dominate the tribological performance of a friction material. Their
behaviour is different from that of metals because they are considerably softer and less
stiff, consequently the ratio E/H is much lower for polymers. For a given surface, this
value determines the nature of asperity contact (Equation 2.5), hence, contact between
polymers and metals is predominantly elastic. Furthermore, the mechanical properties
of a polymer are strongly dependent on temperature and time: most are visco-elastic
and exhibit a marked increase in flow stress with strain rate [44]. Nonetheless, the
sources of friction from polymer–metal contact can still be attributed to ‘deformation’
and ‘adhesion’ forces, although the distinction is somewhat artificial.
Adhesion is caused by intermolecular forces between polymer chains [243, 244].
Since the strength and nature of these forces (e.g. van der Waals forces, polar moments,
or hydrogen bonding) depends on the chain configuration, friction characteristics can
vary greatly between polymers of different types. Polar molecules (e.g. those present
in phenolic resins) exhibit high friction coefficients [237].
This behaviour leads to another significant difference between polymer and metal
contact: the formation of transfer films. When sliding against a hard counterface (e.g.
metal), polymer wear debris is attracted to, and deposited on, the opposing surface.
The polymer–counterface bond strength is greater than that of the bulk polymer,
which leads to the build-up of a third-body transfer film. Subsequent sliding then
occurs between the polymer and a layer of similar material, which has a marked effect
on friction and wear performance. This mechanism is of critical importance to the
tribological behaviour of friction materials; a great deal of academic work has focussed
on so-called ‘friction films’ in recent years, which is discussed in Section 2.5.4.1.
Under such circumstances, it has been shown that the adhesive friction coefficient
becomes dependent on the normal load if this load causes sufficient deformation to
make the ‘real’ and ‘apparent’ areas of contact equal [245]. This is because the shear
yield stress of a polymer, unlike that of a metal, depends strongly on the applied normal
pressure:
τ = τ0 + αP (2.12)
where the bulk shear strength τ0, and α are constants for a particular polymer, deter-
mined by conventional mechanical tests. Therefore, by rearrangement of Equation 2.6
and substituting W = PA and F = τA, it follows that:
µadh =
F
W
=
τ
P
=
τ0
P
+ α (2.13)
This equation is usually in good agreement with experimental observations for bulk
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polymers that form stable transfer films. Significantly, it predicts that µadh should
decrease as the normal load increases [237].
2.5.2.2 Fibre-reinforced composites
It has been shown that the friction coefficient of fibre-reinforced composites obeys a
reciprocal law of mixtures [246], thus:
1
µ
=
Vf
µf
+
Vm
µm
(2.14)
where V is the volume fraction and the subscripts f and m refer to the fibres and
matrix respectively.
The wear resistance of chopped fibre-reinforced polymers is dependent on the
propensity for fracture to occur at the fibre–matrix interface, hence, it is essential
that a strong chemical bond is achieved between the fibres and matrix [247]. When
sliding against a rough counterface, fibre reinforced polymer composites often exhibit
inferior wear performance compared with the pure matrix material because the fibres
are readily abraded by counterface asperities [248].
2.5.2.3 Solid lubrication
Although it might be thought undesirable in a product designed to produce friction,
some lubrication is necessary to stabilise the friction coefficient of a brake pad across the
wide range of operating conditions encountered in railway braking. Materials that have
the ability to form transfer films are added to friction formulations as powders—these
are termed ‘solid lubricants’. Such materials include polymers, soft metals, and lamellar
solids. Aside from the matrix resin, which provides lubrication at low temperatures,
polymers are not typically used for this purpose in NAO friction materials because of
their low thermal stability.
In the case of soft metallic transfer films, friction is reduced by a mechanism sim-
ilar to that for polymers, except that the shear yield stress of the metal interface is
independent of the normal load. Hence, Equation 2.13 becomes:
µadh =
τi
P0
(2.15)
The friction force is determined by the shear strength of the film material, whereas
the normal load is carried by deformation of the substrate [242]. Brass and copper are
often added to friction materials for this purpose [249, 250].
Lamellar materials perform a similar function. These have strong atomic bonds
within each layer of their structure, but a much weaker attractive force between layers.
Owing to this structural anisotropy these materials have a much lower resistance to
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shear deformation in their basal plane. Under the correct circumstances this weakness
can be sufficient to cause lubrication, but lamellar solids are strongly influenced by the
adsorption of atmospheric gasses. Water vapour and oxygen, for example, are essential
to reduce the surface energies of graphite and molybdenum disulphide lamellae [243].
At high temperatures, in the presence of oxygen, the formation of hard oxides can de-
stroy the lubricant effect—a phenomenon exploited by friction material manufacturers
to counteract brake fade [251].
Alkaline metal fluorides are not lamellar, but they do have a weak shear strength
and serve as lubricants in the range 500–1000 ◦C [252]; calcium fluoride, in particular,
is used as a high temperature lubricant in friction formulations [251, 253]. However,
materials that function as lubricants at high temperatures are often ineffective at low
temperatures and vice versa, so a combination of lubricants must be used to produce
stable behaviour accross the range of operating conditions experienced by railway brake
pads [252].
Other lamellar and low shear strength materials with lubricating properties include
talc, mica, vermiculite, and various transition metal dihalides, disulphides and dihalco-
genides (including antimony trisulphide) [121, 237, 252].
2.5.3 Theories of wear
Wear occurs wherever there is friction; it is the progressive removal of material from
one, or both surfaces in contact. Wear can be classified into several different categories
according to the mechanism responsible for material removal. A summary of these
classifications is presented in Figure 2.23, but it is important to note that none of them
are mutually exclusive, and that several different classifications exist [254].
This research will focus on the mechanisms associated with ‘dry sliding wear’ only;
it is beyond the scope of this work to consider the influence of liquid lubrication, as
would be the case for friction materials operating in wet conditions. The friction level
and wear rate of a system are often critically dependent on sliding conditions: tem-
perature, humidity, ambient gasses, sliding speed, sliding distance, sample dimensions,
and sample orientation all have an influence. Even a minor change can cause a major
difference in tribological performance. It has been said that wear is a macro scale
manifestation of atomic scale phenomena [255].
The most common method of wear testing is the ‘pin-on-disc’ test, in which the pin
is the test specimen, and is softer than the disc (Section 2.5.5).
In the 1950s, Holm and Archard developed a theoretical equation for describing the
severity of wear [256, 257]. However, it has since been shown that the same equation
may be derived from several different starting assumptions with respect to the way in
which material becomes detached from the bulk. Thus, although it highlights the main
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Figure 2.23: Classification of wear mechanisms (adapted from [172, 237])
variables responsible for wear, it gives no indication of the underlying mechanism(s)
in operation. It is, however, useful for comparing materials because it gives rise to the
concept of a wear coefficient, which is a function of macroscopic quantities that are
easily determined from a simple tribological test.
For dry sliding wear, the Archard wear equation is derived by considering that
a proportion of surface asperities fracture to produce wear particles with respect to
sliding distance. The size and number of asperities and, hence, the volume of wear
debris (i.e. the wear rate) is governed by the Hertzian contact mechanics discussed in
Section 2.5.1:
Q =
KW
H
(2.16)
where Q is the wear rate (in m3 m−1), W is the normal load (in N), H is the indentation
hardness (in Pa), and K is the (dimensionless) wear coefficient. The equation is often
rearranged into the form:
k =
Q
W
(2.17)
where k = K/H, since this allows for the comparison of materials based solely on
quantities measured in tribological tests—it is usually quoted in units of mm3 N−1m−1.
The Archard model implies a proportionality between Q and W for a given material.
In practice it is found that such a proportionality does exist, but only over limited
ranges. Beyond these, other factors are found to cause abrupt changes in the wear rate
by changing the wear mechanism (e.g. by the formation of an oxide film at a critical
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temperature). Under Hertzian contact conditions, appreciable wear does not occur
unless the abrasive to surface hardness ratio is greater than ∼1.2 [242].
2.5.3.1 Polymers
Since polymers have a much lower modulus than metals, practically all deformation oc-
curs within the polymer when sliding occurs between these two materials (e.g. between
the matrix of an NAO friction material and a cast iron disc).
The wear of polymers can be broadly classified into two regimes: (i) ‘Interfacial,’
in which wear results from material removal by processes close to, or in, the surface
of a polymer and (ii) ‘Cohesive,’ which is caused by the deformation of subsurface
material (Figure 2.24(a)) [172]. Counterface roughness (Ra) has a strong influence on
the mechanism of wear; typically, a transition occurs from an interfacial to a cohesive
process in the range 0.01–1 µm. The rate of wear within this range is often found to
be minimal [258, 259] (Figure 2.24(b)).
Load
Velocity
Rigid asperity
Polymer
Cohesive zone
Interfacial
zone
(a) (b)
Figure 2.24: Wear of polymers [260]: (a) distinction between wear process zones in polymer
contact, and (b) typical influence of surface roughness on wear rate
A. Interfacial wear is predominantly caused by detachment of the interfacial
transfer films that are built-up when a polymer slides against a smooth, hard coun-
terface (Section 2.5.2.1)—there is a critical thickness above which these films become
unstable. However, the wear rate is dependent on the rate of film removal, rather than
its speed of accumulation [121].
The wear rate can, therefore, be significantly reduced by improving the longevity of
the transfer film (i.e. by strengthening its adherence to the counterface). This has been
achieved by the addition of certain fillers to the polymer matrix; metals (e.g. copper,
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brass, and bronze) have been shown to improve chemical bonding [121, 243], whereas
mild abrasives (e.g. coke) clean the counterface and reduce its roughness [237].
Temperature also has a significant influence on the wear rate of a polymer; below the
glass transition, transfer films are not readily formed, but beyond the softening point
(e.g. VICAT), wear increases sharply because material is transferred to the counterface
more quickly [121, 261]. Interfacial wear is therefore strongly dependent on the sliding
speed, normal load, and thermal conductivity (of both mating surfaces).
B. Cohesive wear is mainly caused by the passage of counterface protur-
bances [172]. It therefore requires proturbances that are significantly harder than
the worn surface—which are usually in the form of small particles. A distinction
is made between two-body wear, in which the particles are embedded within the
counterface, and three-body wear, in which the particles are sandwiched between two
sliding bodies. Three-body processes are ususally less severe [262]. Since cohesive wear
involves the deformation of sub-surface material (i.e. close to the bulk), a relationship
between bulk mechanical properties and wear resistance might be expected. Ratner
and Lancaster [261, 263] demonstrated a crude correlation between wear volume and
tensile toughness (Equation 2.18):
V =
KµWv
HS
(2.18)
where V is the wear volume, K is the wear rate, µ is the coefficient of friction, W is the
normal load, v is the sliding speed, H is the indentation hardness, S is the ultimate
tensile strength, and  is the elongation at break.
If the deformation is plastic, wear is caused by the direct removal of material through
abrasion, whereas elastic deformation leads to wear through the growth of ‘fatigue
cracks. Neither process operates independently; the relative proportions of each depend
on the elastic modulus of the polymer. A low value of the ratio E/H causes the elastic–
plastic transition to occur at a much greater surface roughness (Equation 2.5). If the
abraded material is brittle, wear may also proceed by brittle fracture.
i. Abrasive wear results from a hard particle ploughing a groove through softer
material. Three deformation modes are possible, dependent on the angle of attack, θ,
with which the particle meets the surface; these are, in order of increasing θ: ploughing,
wedge formation, and cutting. In ‘cutting’ all deformed material is removed from
the surface, whereas in ‘ploughing’ it is simply displaced. ‘wedge formation’ is an
intermediate.
The abrasive wear rate is therefore strongly influenced by the shape, size, and
hardness of abrasive particles; it is proportional to counterface roughness and normal
load [259] and drops significantly for abrasive particles of less than 100 µm [264, 265].
51
Chapter 2
The severity of abrasive wear can be described by the specific energy U required to
remove material from a surface:
U =
µ
k
(2.19)
where µ is the friction coefficient and k is the dimensional wear coefficient from the
Archard wear equation (Equation 2.17), which can also be derived for abrasive wear
by considering the volume of material removed by the ploughing action of a hard
asperity [237]. Many materials obey this equation well, but a better correlation is
obtained by using surface hardness in place of the bulk hardness H. This is because
the high shear strains caused by abrasive wear lead to strain hardening of the material
surface. In polymers, the wear rate correlates best with the quantity 1/σuu, where σu
and u are the ultimate tensile stress and strain of the polymer respectively, because it
accounts for the high proportion of deformation that occurs elastically.
ii. Fatigue crack growth is modelled by the Paris equation; for wear processes
it has been shown that the volume of material removed per unit sliding distance q is
given by:
q ∝ r2(1−n)/3w(2+n)/3 (2.20)
where r is the radius of surface asperities, w is the normal load upon the surface, and
n is an empirically determined constant for the tribological couple. Hence, the wear
rate is sensitively dependent on surface roughness (which controls r) and normal load.
iii. Brittle fracture leads to wear in materials with a low fracture toughness.
Blunt particles create Hertzian ‘cone cracks’ (which extend downwards and outwards
from the surface into the bulk) by elastic deformation. Despite this, conical cracks do
not readily lead to the formation of wear debris [237]. Conversely, sharp particles cause
gross plastic deformation and the formation of lateral cracks, which join to release wear
debris. The volume of debris produced by this mechanism is much greater than that
formed by plastic processes alone.
However, lateral cracks will only form when the normal load has exceeded a critical
value W ∗, which depends on the hardness H and fracture toughness Kc of the abraded
material according to:
W ∗ ∝
(
Kc
H
)3
Kc (2.21)
The value H/Kc is the ‘brittleness index;’ materials with a low value of this index
are resistant to fracture on indentation.
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Several models exist for the volume of wear debris generated by brittle fracture, but
all predict wear rates that are inversely proportional to Hx and Kxc , where x ≈ 0.5.
Significantly, these models also predict a sensitive non-linear dependence on normal
load, which implies a dependence on particle size—because brittle fracture will only
occur above W ∗. Small particles are more numerous, hence they carry a smaller pro-
portion of the total load. Therefore, small particles are more likely to cause wear by
plastic processes, which are less severe.
2.5.3.2 Composite materials
The tribological response of materials that contain hard phases embedded in a softer
matrix (e.g. friction composites) depends on the scale of deformation relative to the
size of the hard phase. If the region of deformation is much larger than the individual
hard phase constituents and the distance between them, then the material will behave
as a homogeneous solid. Under such conditions, ‘soft’ abrasives cannot produce plastic
grooves in the hard phases so wear proceeds by extrusion of the matrix between the
grains under the influence of cyclic normal and tangential loading. There is a correla-
tion between abrasion resistance and the mean free path in the matrix phase between
reinforcements and hard grains.
If, however, the region of deformation is of comparable size to the hard phase, or
to the separation between hard phases, then each phase will behave ‘independently’
according to the laws previously discussed. In addition, the matrix toughness and the
interfacial bond strength between each phase have a significant influence on the bulk
wear behaviour. If the matrix is brittle, or the interface is weak, then hard particles
can act as stress concentrators and initiate cracks that propagate through the matrix.
2.5.4 Tribology of friction materials
An NAO friction material is an extremely inhomogeneous polymer matrix composite. It
has a low bulk strength, yet exhibits exceptionally good friction and wear characteristics
with respect to other classes of material (e.g. metals, ceramics, or polymers) in the field
of braking [16].
Friction materials are expected to perform consistently across a wide range of op-
erating conditions (Section 2.2.1), although it is normal for a friction couple to require
an initial ‘bedding-in’ period (sometimes in excess of 400 stops) before steady-state
operation is established [26, 27, 266]. In order to achieve this requirement, a variety of
materials are added to the composite—each to regulate its behaviour under certain con-
ditions. It is common for a modern formulation to contain up to 30 different materials
with a range of hardnesses spanning 3 orders of magnitude [17, 23, 28, 267, 268].
Because it contains ingredients with such a broad spectrum of mechanical and
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thermal properties, the wear mechanisms of a friction material are complex and in-
terconnected [23, 31] (Figure 2.25); it is these mechanisms that enable it to perform
so well as a brake pad. However, such is the complexity of the material interactions
that occur at the friction interface that they are not well understood, especially with
respect to the contact mechanics that occur on a microscopic scale [17].
Figure 2.25: Possible interactions between the elements of a tribological system [236]
2.5.4.1 Friction films
The effect of individual ingredients on the tribological characteristics of a brake pad
is not straightforward [30] and, consequently, most commercial development of fric-
tion materials proceeds by empirical means on a trial-and-error basis [18, 32–34, 269].
Several attempts have been made in the Literature to model the friction and wear
behaviour of a brake pad based on its composition, but none have been successful
at comprehensively predicting an optimum formulation [23, 270–276]. This is due, in
part, to the difficulty in taking direct experimental measurements of the parameters
on which to build a model.
Nonetheless, most authors agree that the performance of a brake pad is governed
by a microscopically thin layer of third-body material which forms contact patches
between the pad and disc. The structure and chemical composition of this layer differs
significantly from the bulk, and it is this ‘friction film’ that determines the tribological
performance of an NAO brake pad [16, 17, 26, 30–33, 70, 267, 269, 277–279]. Oster-
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meyer described the bulk material of a brake pad as a ‘warehouse’ that supplies the
chemical components necessary to form the contact patches that perform useful work
in friction [31]. Filip adds that ‘no simple relationship exists between the composition
of the friction layer and the bulk material formulation’ [278]. Furthermore, there is no
distinct correlation between the friction coefficient and wear rate of a brake pad; the
presence of a stable friction film can sustain low wear rates even under severe contact
conditions [31, 277, 278, 280].
It was previously thought that the friction film had no exceptional structure and
should be continuous accross the surface of a pad for optimum performance [34, 281].
This has now been disproved by using modern analytical techniques, in particular
Focussed Ion Beam Microscopy (FIB), Transmission Electron Microscopy (TEM), and
Light Interference Microscopy (LIM) [17, 30, 70, 267, 282, 283]. Spectroscopic (Energy-
dispersive X-Ray, X-Ray Photoelectron, Near Infrared, Raman) [30, 267, 274, 277, 284]
and crystallographic (X-Ray Diffraction) [33, 277, 278] techniques have also been used
to reveal changes in the composition of friction films. A schematic diagram of the
friction interface is presented in Figure 2.26.
However, there are still considerable discrepancies in the Literature regarding the
way in which contact patches are formed and the influence that they have on tribolog-
ical performance. In addition, the selection of appropriate length and time scales for
analysis is difficult [23, 26, 30, 31].
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Figure 2.26: Three-body structure of the friction interface for adhesive and abrasive wear
mechanisms (adapted from [285])
2.5.4.2 Contact patches
Although a brake pad is compliant with the contours of its counterface disc, the area
of contact between the two covers just 15–20% of the pad surface and is confined
within a large (∼104 cm−2) number of ‘contact patches’ (Figure 2.27). Inside these,
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the location and size of the real points of contact (which are of the order of 1 µm2) [30]
fluctuate irregularly according to the deformation and wear caused by the passing
counterface [16]. Even though the mean pressure on these patches is therefore ∼5
times greater than that acting on the pad, contact stresses remain well below the
hardness of the abrasive components in the pad [16].
Contact patches range in size from 50 to 500 µm, which is greater than the typical
25–100 µm size range of the hard (i.e. wear resistant) particles in a friction material.
This indicates that they are the product of conglomerated wear debris [16, 31, 32].
Figure 2.27: Schematic representation of the topographic features on a brake pad surface [16]
Furthermore, the surface profile of a brake pad as a whole does not match that
of its counterface disc (which is unusual for mated bearing components), however the
profiles of contact patches correspond very well with the disc, which suggests that they
are somewhat raised above the bulk [17].
In fact, the thickness of the friction layer has been widely reported as 1–3 µm [17,
30, 70, 274, 277, 278, 286] (although some research suggests that it may be much
thicker [27, 34, 71, 255, 269]), but it is not constant accross the surface of the pad [278]
and is proportional to the severity of tribological contact [25, 34, 46, 280, 287]. A broad
correlation is often found between certain characteristics of the friction film (e.g. contact
patch width or thickness) and the so-called ‘friction power’, Wf [32, 255, 287, 288]:
Wf = µP
aV b (2.22)
where µ is the friction coefficient, P is the applied normal pressure, and V is the
relative sliding velocity between pad and disc. The values of a, b, and µ are found
to be independent of normal load or sliding velocity, and are constant at a given
temperature [287].
Contact patches have been described as ‘smooth structures with torn-off edges’ [31],
but Bettge et al. used light interference microscopy to explain their topography in more
detail [32, 282]. They found that the leading edge of a patch is generally much steeper
than its trailing edge and has a profile similar to that shown in Fig 2.28. However, this
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shape does not include contributions from elastic deformation since the pads were not
under load when analysed.
Figure 2.28: The shape of contact patches [32]
Although most evidence in the Literature is to the contrary, O¨sterle et al. report
that ‘contact areas can, but must not necessarily, stand out from the pad surface’ [267]
and point to their observation of wear troughs in some pads [33].
More recently, researchers have discovered evidence of an additional friction film,
just 100 nm thick, which is formed on both contact patches and the bulk pad ma-
terial [70, 267, 278]. At present it is unclear how this contributes to the tribological
performance of a friction material, but it contains chaoite (a form of carbon) that re-
quires extremes of heat and pressure to form, and is likely to be very delicate [70, 278].
Similar contact patches are formed on the opposing brake disc, although these are
approximately one order of magnitude smaller [32]. Brake discs also exhibit evidence of
a friction film with a similar composition to that found on the pads, but unlike the pads,
this film is continuous and fills all the troughs and grooves created by abrasion [30, 70].
It has also been observed that considerable plastic deformation occurs near the surface
of the disc during brake applications [34], and that this causes the complete destruction
of its pearlitic microstructure to a depth of 1–2 µm.
2.5.4.3 Friction film composition
Severe plastic deformation occurs in the surface and subsurface regions of a brake pad,
where it plays a key role in the wear mechanisms associated with the formation of a
third-body transfer layer [30, 250, 283]. The contact patches in this zone comprise
a mixture of all the constituents in a brake pad, together with some from the disc.
However, the grain size of these components is reduced to the nanometre scale, which
implies that they were formed by processes more complex than simple mixing and
conglomeration [16, 17, 30, 32, 33, 269, 280, 289].
Since the make-up of the transfer film is dependent on the bulk material formulation
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(albeit in a complex manner), reports on its composition vary. Nonetheless, there are
some materials that are frequently identified in the Literature. It is also reported that
the chemical composition of a friction film has a greater effect on the friction coefficient
than other factors (viz. film thickness or counterface roughness) [277, 278].
One ubiquitous observation is that third-body layers contain a significant quantity
of pearlitic iron, which originates from the brake disc. This is often supplemented
with ferritic iron from the brake pad (if steel fibres are present in the formulation) and
covered with a nanocrystalline layer of iron oxide [17, 30, 267].
Softer metals, such as copper, are often found supporting contact patches [30, 69,
249, 267], whilst metal sulphides and sulphates moderate the conglomeration of ma-
terial around them [69, 70, 267, 290]; organic compounds from the decomposition of
phenolic resin and aramid fibre aid the compaction of wear debris and lubricate the
friction interface [17, 27, 33, 44, 46, 46].
A multitude of chemical reactions occur at the friction interface, driven by intense
local heat and pressure; these include diffusion [26, 64, 278], oxidation [33, 70, 267] and
alloying [277, 278]—particularly of barium sulphate [30, 33, 70, 267, 277]. The chemical
and microstructural composition of a friction film varies with respect to depth beneath
its surface [277] and is strongly dependent upon the substrate on which it forms (e.g.
steel fire, brass chip, phenolic resin) [30, 33, 70].
Filip et al. detected the diffusion of copper, antimony, and sulphur between the
grain boundaries within the friction film and demonstrated that the extent of this
process was proportional to temperature and time [278]. Severin and Do¨rsch similarly
observed the diffusion of iron particles from the brake disc into the friction layer of the
pad. They reported that this process reaches an equilibrium with the wear rate of the
pad for a given friction power—the concentration of iron in the pad was highest under
low loading conditions [26].
Using FIB microscopy, O¨sterle and Urban identified up to 3 layers of differing
microstructure within the uppermost surface of a brake pad, dependent on its com-
position [267]. The 3-layer structure comprised: (i) a 100 nm thick friction film con-
taining nanocrystalline metal oxides and an amorphous phase enriched with sulphur;
(ii) a nanocrystalline friction layer of compacted wear debris accommodating surface
roughness; and (iii) a region of severe plastic deformation in the supporting metallic
particles.
The individual grains within layers (i) and (ii) were of the order of 10 nm, whereas
those in layer (iii) were 0.1 µm and much less densely compacted [17, 30, 278]. However,
Rhee reports that the friction layer is still more dense than the bulk material [291];
the high temperatures, pressures, and shear forces at the interface cause it to become
much harder too [16, 17].
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2.5.4.4 Contact patch formation
Despite the complexity of material interactions at the friction interface, the surface
features of a brake pad can normally be attributed to one of two regimes [30]:
1. An almost continuous friction layer formed by the conglomeration of compacted
wear debris around a nucleation site and interrupted by wear troughs and graphite
particles
2. Severely deformed, wear resistant components protruding from a heavily worn
surface with little or no evidence of a friction film
It is common to find both regimes in the same material, but one will dominate.
In most circumstances the first regime is favourable since it causes the least wear
to both elements of the friction couple. Several authors have proposed mechanisms by
which such a regime might occur [16, 17, 31, 33, 268]; these are summarised as follows:
1. Owing to the substantial differences in hardness, thermal stability, chemical re-
activity, and morphology amongst the constituents of a friction material, some
components wear more than others [268]. Consequently, these materials remain
proud of the bulk surface, carry a higher proportion of the total load [292, 293],
and have a greater influence on the tribology of a brake pad than their volume
fraction would suggest [272]. The contact patches formed in this way are termed
primary plateaus.
2. The ‘lowlands’ surrounding the primary contacts no longer come into contact
with the disc and they wear by processes of thermal decomposition [16], fatigue
cracking and pile-up of dislocations [283], and third body attrition [268, 269].
The wear debris (which is typically larger than the pad–disc gap height [268])
then contributes to the tribological processes detailed below (i.e. it is directly
emitted to the environment) [70].
3. Protruding hard particles or metallic fibres create a maze of nucleation sites
around which wear debris accumulates as it flows through. This phenomena was
observed in-situ by Eriksson et al. [269].
4. The intense heat and pressure surrounding the point contact of each protrusion
causes the wear debris to fuse together to form secondary plateaus. These plateaus
become work hardened to the extent that they have similar mechanical properties
to the primary plateau that initiated them.
5. Eventually, continued growth, cyclic thermal and mechanical stresses, and wear of
the primary plateau destabilise the secondary plateau resulting in its destruction.
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6. Under steady-state conditions a dynamic equilibrium is established between the
growth and destruction of wear patches. This equilibrium is moderated by the
inclusion of lubricants (e.g. Sb2S3, BaSO4, CuF2).
The formation of contact patches on brake pads is analogous to the clogging of
glass paper by wood flour particles in carpentry [23, 31]. The contact situation created
by this process is illustrated schematically in Figure 2.29 (reproduced from Eriks-
son et al. [17]).
Figure 2.29: The contact situation between a brake pad and disc [17]
Because the formation of secondary plateaus is regulated by the flow of wear debris
through a maze of primary contacts, the extent of their growth is affected by changes
in normal pressure—which alters the bulk pad–disc gap height—and particulate size—
which influences the size and separation of primary contacts [17]. A normal pressure
of the order of several megapascals is required to form a stable transfer film [279, 280].
2.5.4.5 Thermoelastic instability
The continuous formation and destruction process of secondary plateaus causes the
local friction intensity at any given point to change throughout a braking cycle. This
is known as ‘thermoelastic instability’ (TEI), and is manifested on the macro scale as
high frequency fluctuations in the instantaneous friction coefficient about a stable mean
value [26]. It has been reported that TEI is an essential mechanism by which friction
materials are able to maintain a steady coefficient of friction over such a wide range
of operating conditions [26, 71, 269]. In regions of intense wear debris conglomeration
(and, hence, intense local friction), TEI creates a regular—but asymmetric—pattern
of hot spots around the face of a brake disc [71, 294]. This (undesirable) phenomenon
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is induced by localised heat distortions, which cause the nominally uniform brake pad
pressure distribution to become unstable [295].
TEI does not occur until a critical speed is reached—this is determined by the
wavelength of perturbations in the pressure distribution. TEI first occurs at the longest
wavelength permissible by the system configuration, which is a function of the brake
disc diameter and thickness, and the nominal length of the pad contact region [294, 295].
Hence, TEI is of particular significance to railway brakes because these have large discs
that permit long wavelength circumferential distortions.
Increasing the thermal conductivity, or decreasing the elastic modulus, of a brake
pad raises the critical sliding velocity for the onset of TEI [295].
2.5.4.6 Influence of time
It has been shown that contact patches have a longevity in excess of 1 km sliding dis-
tance, although changes in contact conditions (e.g. normal pressure or sliding velocity)
can affect their size, shape, and composition [16]. Such changes during RURT brake
applications are likely to be ‘slow’ (of the order of a few seconds) and are caused by:
• Pressure variations
• Non-conformity and misalignment between the pad and disc
• Thermal expansion and/or warping of the pad and disc
• Thermally induced physical and chemical changes within the friction couple
These phenomena can cause:
• A steady rise in the friction coefficient throughout ‘drag’ brake applications
• Hysteresis of the friction coefficient with respect to increasing and decreasing
pressure
• An increase in the friction coefficient during the ‘bedding-in’ period
The phenomena listed above are a result of the difference in timescales between changes
to the contact situation and the (much slower) growth rate of contact patches—which is
of the order of tens to hundreds of seconds [16, 23, 71, 269]. This is corroborated by the
independent observations of Severin [26], Ostermeyer [31], and Qi and Day [296] that
temperature distributions at the friction interface (which are a function of contact patch
interactions with the brake disc) are non-uniform and also vary on ‘long’ timescales.
Furthermore, Eriksson et al. repeatedly observed the same set of contact plateaus
throughout an extensive series of brake dynamometer tests [279].
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Contact patch growth is relatively slow because it is driven (at least, in part) by
diffusion, which is an equilibrium process; the speed and position of equilibrium are
dependent on friction power. Low friction power favours a high concentration of metal
within the friction layer, which has an important consequence for the operation of
RURT brake systems: on vehicles fitted with a rheostatic primary brake, the friction
brakes are used exclusively at a low friction power (except in emergencies). The sub-
sequent build-up of iron in the friction layer leads to severe metal-on-metal contact,
which can cause seizure of the brake [26].
2.5.4.7 Influence of physical conditions
Higher friction power promotes the formation of thicker transfer films, with correspond-
ing improvements in tribological performance [255]. There is, however, a limit to this
behaviour because very thick films become unstable [25, 46] and excessive tempera-
tures cause thermal degradation of the organic components in the material. Beyond
∼200 ◦C, wear rates increase exponentially with temperature [25, 288], although it has
been shown that the depth of thermal penetration is low, and that the bulk composite
is undamaged by (brief) exposure to high temperatures [25, 291]. Dante et al. found
that the transition from ‘mild’ to ‘severe’ wear of automotive friction materials occurs
at a friction power of ∼2 kW cm−2 [255].
Friction material wear rates are also dependent on counterface surface roughness,
but even a perfectly smooth disc can cause a significant quantity of wear by adhe-
sion [288]. Paradoxically, a rougher disc surface can lower the wear rate by providing a
better mechanical key for the formation of third body transfer layers [25, 46, 280]. An
optimum surface roughness exists at which the wear rate is lowest, but the hardness and
morphology of the abrasive components in a material may prevent the establishment
of this condition during steady state operation [25].
In the simple case of metal–metal contact, the wear rate can be predicted using the
Archard equation (Equation 2.17), which can be rewritten as:
Q = kPV tl (2.23)
by making the substitution W = PV tl (since W = PA and the quantity V tl expresses
the total area covered during a given period of sliding), where V is the sliding velocity, t
is the duration of sliding, and l is an appropriate length scale—in this case the effective
width of the test specimen.
However, the contact situation between a brake pad and disc is much more complex,
thus Rhee et al. [297–299] showed that a better correlation is found with the quantity
P aV btc, where a, b, and c are constants. The value of c is often close to unity and the
values of a and b are less than unity, hence:
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Q
l
= kP aV btc (2.24)
The quantity Q/l represents the volume of wear debris produced.
In summary, the tribological behaviour of a brake pad is the product of complex,
interconnected material and physical interactions; these are illustrated in Figure 2.30.
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Figure 2.30: Relationship between tribological processes at the friction interface [23]
It is very difficult to correlate dynamic friction data with observed post-test sur-
face states because the surface changes when thermal and mechanical stresses are re-
moved [30]. Nonetheless, Dante et al. reported that there is some correspondence
between the topographic features of a friction surface and the severity of wear caused
by the test conditions [255]. In addition, it has been noted that, although the total
contact area increases in proportion to normal pressure, the number of contact patches
decreases [279].
2.5.4.8 Influence of bulk composition
The formation of transfer films can be positively influenced through the careful selec-
tion of friction material ingredients [64, 270]. Particular attention must be paid to
abrasive and lubricant combinations since both synergistic and anti-synergistic effects
are possible [50, 68, 251, 290]. In addition, the particle size of an ingredient can have a
considerable influence on its functionality [65, 264, 265, 300]. Temperature effects can
be mitigated through the use of low melting point, thermally conductive fillers (e.g.
copper or brass) [44, 121, 249] or by adding low (elastic) modulus materials (e.g. fric-
tion dust or rubber) to the formulation [294]. The choice of matrix resin used (and its
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percentage content) is also important, not just because it binds together the bulk com-
posite, but because it also affects the compaction of third body wear debris [27, 44, 46].
Fibre reinforcements have a significant influence on the tribological behaviour of a
polymer matrix composite; wear resistance can be improved by increasing the concen-
tration of fibres until an optimum fibre–matrix ratio is reached—this is typically in the
region of 15–20% fibre, by volume [7, 151, 194, 301]. The friction coefficient follows a
similar trend [7].
This behaviour is a consequence of the mechanism by which fibre reinforced com-
posites absorb mechanical energy: stresses and strains are transferred to the (compar-
atively stiff) fibres through the polymer matrix, which deforms plastically. For this
mechanism to work efficiently, the bond between the fibres and matrix must be strong
and the fibre aspect ratio high [7, 151, 247]. In this respect, composites reinforced
with natural fibres often exhibit poor performance because the fibre–matrix interface
is weak. However, this can be improved by chemical treatment of the fibres; Chand and
Dwivedi demonstrated that the wear resistance of jute fibre reinforced polypropylene
could be improved with the use of a MAPP coupling agent [186]. The same authors
also reported a reduction in the wear rate of sisal reinforced polyester by treating the
fibres with a silane coupling agent [197].
It has been reported that the wear of fibre reinforced polymer composites proceeds
in four stages [196]: (i) matrix wear, (ii) fibre wear, (iii) fibre fracture, and (iv) fibre–
matrix debonding. The use of coupling agents to improve the fibre–matrix interfacial
bond strength slows down the fourth stage.
Although it is strongly correlated with interfacial bond strength, the impact
strength of a composite bears no relation to its wear resistance. In fact, no di-
rect correlation exists between the mechanical properties of a composite and its
tribological performance, although there is often a proportionality between wear
resistance and tensile strength, elongation, or hardness—which can be illustrated with
a Ratner–Lancaster plot [151, 172, 249, 263, 275].
2.5.5 Tribotesting
Before entering service, a brake pad is rigorously tested to ensure that it satisfies
a multitude of performance criteria (Section 2.2.1). The only test method that can
provide a comprehensive and irrefutable dataset is an on-vehicle field trial (typically
for a period several months), but this is expensive, time consuming, and impractical
for the development of new friction materials [302].
Instead, tests are performed in the laboratory on an ‘inertia simulation dynamome-
ter’ (henceforth referred to simply as a dynamometer), which subjects the friction
material to a consistent and repeatable test programme of drags and stops. A full
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scale dynamometer replicates the inertia of the service vehicle (usually with a flywheel
mass) and is fitted with the same braking equipment as that vehicle. The machine is
instrumented to monitor dynamic friction data throughout the test; in particular, it
is fitted with a load cell that measures the retarding torque generated by the friction
couple as a function of normal pressure, bulk disc temperature, sliding velocity and
inertia (Figure 2.31).
Flywheels
Brake Disc
Motor
Load Cell
Thermocouples
Brake Calliper
Figure 2.31: Schematic diagram of an inertial dynamometer
Although they are cheaper and more practical than service trials, full scale dy-
namometer tests are still very expensive and time consuming—a single test can take
more than a week to run and can cost in excess of $10k [27, 249]. In addition, the
machine itself costs ∼£1M and has a footprint of ∼30 m2 [29].
To reduce costs and speed up the development of a friction material, sub-scale
equipment is often used to screen candidate formulations prior to full scale testing.
Sub-scale machines are often more basic than full scale dynamometers, hence the ap-
plicability of these tests to full scale performance is limited. The data from sub-scale
tests is best used to compare the behaviour of different materials—it cannot be used
to predict absolute full scale brake performance [83, 249].
65
Chapter 2
Discrepancies between sub- and full scale tests have been attributed to the following
sources in the literature [16, 25, 27, 81, 83, 249, 291, 303, 304]:
• Unrepresentative test schedules (e.g. drag applications of excessive duration)
• Disproportional scaling of test parameters, especially energy density
• Changes to modes of vibration and/or the occurence of TEI
• Differences in the efficiency of wear debris entrapment
• Geometry factors, especially with respect to pressure distribution
• Differences in heat transfer efficiency
• Unrepresentative sampling of the bulk material formulation
• Maturity of the pad–disc friction couple
Nonetheless, sub-scale tribological tests can provide a wealth of useful quantitative data
for the evaluation of friction and wear performance; it is common for such methods
to be used in academic work because they afford great ease and flexibility of post-test
analysis [20, 27, 28, 38, 50, 53, 64, 268]. It has been shown that trends in sub-scale
test results can reflect those from a full scale dynamometer if the sub-scale machine is
capable of performing stops at a constant braking torque, and if all of the operating
variables are scaled appropriately [304]. In addition, it has been reported that the size
of a brake pad has only a ‘limited’ effect on the friction coefficient as long as it is several
times larger than the real contact area [305].
Many different sub-scale machines (of varying complexity) have been reported in
the literature [27, 34, 71, 249, 255, 268, 304, 306]; the most common type is based on
that produced by Krauss GmbH [307]. This machine uses a 150 mm diameter brake
disc and a 20 mm square test specimen; it operates at a constant speed and applies a
constant load to the specimen (i.e. it performs ‘drag’ brake applications).
The international standard SAE J661 [308] and the ‘Friction Assessment Screening
Test’ (FAST) [306]—developed by the Ford Motor Company—specify test schedules
for the assessment of friction and wear performance using sub-scale braking apparatus.
However, it is common in the literature for researchers to adopt their own test schedules
based upon the nature of their work. Many studies of brake performance require the
periodic disassembly of the friction couple for analysis purposes (e.g. observation by
SEM), but it was proved by Rhee et al. that this does not significantly affect the test
results [25].
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2.6 Manufacture of friction composites
This research aims to develop a novel, low energy manufacturing process for NAO
friction materials known as ‘cold moulding’. There are two stages of this process that
are fundamentally different from the conventional method: mixing and pressing. These
are discussed in the following sections.
2.6.1 Mixing
‘Mixing’ is a process intended to reduce the nonuniformity of a system comprised of two
or more substances, each retaining their own separate identity [309]. It is an operation
in which a mixture is produced by the subdivision and distribution of its components
throughout the entire volume of the system without any of them undergoing any in-
trinsic change [310].
From this definition, it follows that the state of a mixture can be characterised by
two properties: the ‘scale of segregation’ and the ‘intensity of segregation’. The scale
of segregation is a measure of the size of the undistributed portions, while the intensity
refers to the difference in composition between neighbouring portions.
Although they are not mutually exclusive, these two parameters are influenced by
different types of mixing. ‘Distributive’ mixing provides spatial uniformity to the mix-
ture components (i.e. it reduces the scale of segregation), whereas ‘dispersive’ mixing
breaks up agglomerates and homogenises the mixture towards the scale of the ultimate
desired grain size (i.e. it reduces the intensity of segregation). Clearly, the two pro-
cesses are linked, since the effect of reduced intensity can be accomplished by reducing
the scale of segregation to the order of the ultimate grain size, but at larger scales the
distinction is useful because each process requires a different mechanical action. The
former is dependent on shear stress, whereas the latter depends on shear strain [311].
The relationships between scale and intensity of segregation and distributive and dis-
persive mixing are shown in Figure 2.32.
Mixing is entirely dependent upon the flow behaviour of the substances being mixed,
in particular whether or not that flow is turbulent. Turbulence is characterised by the
Reynolds number, which—for mixing—is defined as:
Re =
ρD2N
µ
(2.25)
where ρ is the density of the fluid, D is the diameter of the mixing blades, N is the
blade tip velocity, and µ is the viscosity of the fluid. Flow in the mixing chamber is
laminar for Re < 100 [311].
Mixing highly viscous fluids, such as the CNSL resin used in this research, is prob-
lematic because flow is laminar at any practical blending velocity. As such, there are
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Figure 2.32: Spatial characterisation of mixtures: (a) scale and intensity of segregation, and
(b) distributive and dispersive mixing
no turbulent eddies to help distribute the components of the mixture. In addition, the
rate of diffusion in high viscosity fluids is virtually zero and viscous energy dissipation
consumes a large quantity of power and raises the temperature of the fluid substan-
tially. Whilst this is desirable to increase fluid flow, it also creates the potential for
overheating and premature cure in thermosetting systems. Furthermore, most high
viscosity fluids are shear thinning, so there is a rapid fall-off in shear force away from
the mixing blades.
Laminar flow tends to orient the phases of a mixture, rather than combine them,
so distribution requires frequent re-orientation of the blend to introduce disorder and
reduce heterogeneity; ‘simple shear is inefficient and insufficient’ [311]. Dispersion
requires intense deformation.
2.6.1.1 Mixer design
Both requirements of shear stress and strain are accomplished in the design of the
‘Banbury’ mixer, which is the archetype double arm internal mixer. Such mixers feature
a pair of horizontally mounted blades that counter-rotate inside a trough whose profile
matches the sweep of the blades. Various blade designs exist, and these can either
be intermeshing or tangential, but their clearance with the chamber wall is always
very tight to generate high shear forces. It is common for tangential blades to rotate
at different speeds to cause greater disruption to laminar flow by circulating material
through the chamber in a figure-of-eight fashion. The chamber is fitted with a close-
fitting lid which is held in place by a piston to force the material into the bite of the
blades. Cooling is provided by a water jacket surrounding the chamber and circulating
through the blades. The charge is emptied by tilting the entire chamber assembly.
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2.6.1.2 Scale-up
Irrespective of scale, the degree of uniformity in a mixture is dependent on the number
of revolutions of the mixer blades. Thus, a (somewhat crude) scale factor for mixing
duration can be obtained from the ratio of average blade velocities between two mix-
ers [310]. However, scale-up of mixing processes from pilot to plant scale is not this
straightforward, especially with high viscosity fluids, because parameters such as heat
transfer, shear rate, power input, and non-Newtonian behaviour do not scale at the
same rate with respect to volume. It is not possible to achieve a common ratio between
all geometric, kinematic, and dynamic factors simultaneously [312]. Furthermore, the
time required to charge and discharge the mixer with feedstock can become significant
(compared with the duration of mixing itself) at larger scales [310].
The combination of these factors makes modelling of the mixing process extremely
complicated and practically infeasible in many circumstances [309]. Mixing duration at
plant scale must therefore be determined empirically. Nonetheless, it has been shown
that, for geometrically similar mixers, the duration of mixing approximately obeys a
power law relationship of the form:
t = amb (2.26)
where t is the mixing duration, m is the batch size, and a and b are constants [312].
In addition, it has been shown that visual scrutiny is usually sufficient to determine
uniformity of blending within the order of ∼1 ml [313].
2.6.2 Cold compaction moulding
In simple compression moulding, objects are formed by plastic deformation of a mono-
lithic bulk material. However, in compaction moulding, the bulk material is composed
of manifold discrete particles. This adds complexity to the process because these parti-
cles must coalesce as the bulk adopts a new shape. If the material is a composite, then
the matrix must flow, which is usually aided by the application of heat. To accomplish
the same at room temperature requires greater pressures and/or lower modulus matrix
resins.
It has been shown that particle compaction occurs in 4 stages: particle rearrange-
ment, elastic deformation at contact points, plastic deformation at contact points, and
bulk compression [314]. During the first stage, the restacking of particles has an impor-
tant influence upon the pressure transmitted through the material. This can become
significant during the later stages of compaction [314].
As the compaction pressure is increased, the density of the bulk material tends to-
wards a terminal value. This value is not necessarily the theoretical density of its con-
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stituent ingredients since compaction is strongly dependent on process conditions and
the geometric properties of the particles. However, it has been shown that the relative
density of a compacted material is strongly correlated with its mechanical properties
(viz. hardness and tensile strength) [315]. Crawford and Paul found that polymeric
materials composed of small, irregularly shaped particles produced the strongest and
most dense compacts [314]. This is because smaller particles have a greater number of
particle–particle contacts. Fleck [316] modelled the number of these contacts as:
Z = 12D (2.27)
where Z is the number of contacts and D is the relative density of the bulk material.
Although the contact pressure between particles is proportional to their size, it has
been shown that the macroscopic compressive force required for plastic deformation to
occur is, in fact, negligible, even for particles as small as 75 µm [238, 242].
Nonetheless, a greater degree of coalescence can be achieved if the material is com-
pressed with a dynamic, rather than a hydrostatic, load and if the peak pressure is
maintained for a short period of time. The latter effect is more apparent at low pres-
sures, but both phenomena can be attributed to the heat generated by inter-particle
friction and the time-dependent flow properties of polymeric materials [317, 318].
Frictional losses within the material cause variations in the pressure transmitted
throughout the bulk and can result in a compact with non-uniform structure and
properties [317]. This is a particular problem in tall, thin dies. It has been shown that
the effects of frictional losses within a cylindrical die can be modelled with a simple
equation [318] of the form:
P2
P1
= K
h
D (2.28)
where P1 and P2 are the applied and transmitted pressures, respectively, h is height of
the die, D is its diameter, and K is an empirically determined material constant. How-
ever, although differences in compaction pressure and loading rate influence the bulk
material properties, they do not affect its uniformity, which is a function of particle–
particle interactions [318].
2.7 Summary
A friction material must maintain a stable coefficient of friction across a wide range of
operating conditions. In order to achieve this, non-asbestos organic (NAO) composites
typically contain a wide variety of ingredients. Such is the complexity of these formu-
lations that their tribological behaviour cannot be predicted from a knowledge of their
composition alone. Many authors have reported on the effects of specific ingredients or
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operating parameters, but none have been able to create a universal predictive model.
Formulation of new materials is typically conducted on an empirical basis that some
researchers have described as a ‘black art.’
The matrix of an NAO friction composite is typically a phenol–formaldehyde resin.
One such resin was identified for use in this research—it was based upon the naturally
occurring phenolic compound cardanol, found in cashew nut shell liquid (CNSL).
Although discrete cured particles of CNSL have been added to friction materials
for many years, there is no published research in which it has been used as a friction
composite matrix. However, studies have shown that CNSL resins are a suitable matrix
material for biocomposites in structural applications.
The chief difference between cardanol and phenol is that it contains a long and
unsaturated aliphatic side chain at the meta position of the phenolic ring. This side
chain has a significant effect on the chemical and physical properties of the resin.
Other than the limited information provided by the manufacturer of the resin used in
this research, no other details regarding its melt, flow, cure, or thermal degradation
characteristics were available in the Literature. However, it is reported that CNSL has
a plasticising effect when added to other resins and that it increases their toughness.
The CNSL-based resin identified for use in this research was known to be extremely
viscous at room temperature. As such, it was necessary to employ a high shear ‘Ban-
bury’ type mixer to produce a composite material with it. The use of such mixers is
well documented for processes such as rubber compounding. but not for the manu-
facture of composites. Furthermore, there are no references to the cold compaction
moulding4 of composite materials in the Literature, although this technique has been
investigated for pure polymers and co-polymers.
It is not clear from the information available whether the production of a friction
composite with the proposed novel ingredients (CNSL-based resin and hemp fibre) is
possible with the proposed techniques (high shear mixing and cold moulding).
Another important component of a friction composite (in addition to the resin
matrix) is the reinforcement fibre. The use of natural fibres as reinforcements for
structural composites is well established, but their use in friction composites is not
widely reported. However, it has been shown that hemp fibre has the potential for use
in low temperature braking applications, such as that of RURT vehicles.
Hemp is a cellulosic bast fibre of the Cannabis Sativa L. plant. The stem of this
plant must be processed in order to extract the fibres from its other components.
Typically, this process begins with ‘retting,’ which serves to break down the non-
cellulosic components that bind the fibres together. By further mechanical processing,
the morphology of these fibres can be tailored for specific purposes. This is achieved
by the use of ‘scutching’ and ‘cottonizing’ turbines, which reduce the trunk diameter
4One of the fundamental objectives of this research.
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and increase the surface area and degree of branching of the individual fibres.
The presence of fibres (and certain other resilient materials) in a friction composite
has been shown to have a significant effect on its tribological performance. In particular,
it has been shown that a well anchored fibre protruding from the worn surface of a
brake pad can act as a nucleation point for the conglomeration of wear debris. This
compacted debris creates ‘wear plateaus’ within the friction film that form the real area
of contact with the brake disc. Wear plateaus are fundamental to the operation of a
friction material: they are capable of supporting much higher loads and temperatures
than the bulk material beneath them. Wear plateaus are created and destroyed in a
continuous process throughout a braking cycle; the stability of this process is largely
dependent on the prevailing wear mechanism and it governs both the friction and wear
properties of the composite.
No research has been published in which a friction composite was made from a
CNSL-based resin reinforced with hemp fibre. The friction and wear behaviour of such
a composite is unknown, but its wear mechanism is of interest since it has the potential
to significantly reduce the environmental impact of brake pad production.
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Materials
The friction material currently in use on many RURT systems is ‘E308’ [319], man-
ufactured by European Friction Industries in Bristol, UK [320]. This material was
introduced in 1990 and is produced using the conventional hot moulding process. Com-
pared with other rail friction materials it operates with relative cleanliness and causes
minimal damage to (expensive) brake discs [29]. E308 was chosen as the performance
benchmark for materials developed in this research—any new material would have to
exceed its performance characteristics in every respect. The composition of E308 and
a full set of its performance characteristics (from a UIC 541–3 test) are presented in
Table 7.6 and Section 7.2.2.3 respectively.
The starting material for this research contained just six ingredients and was as-
signed the reference ‘DM1976’. This intentionally simple formulation was used to
develop the cold mould manufacturing process, primarily with respect to the mixing of
raw materials. By analogy with E308, further, more complex, formulations were pro-
duced to create a tribologically sound cold moulded friction material. In addition to the
friction material itself, backplates and their associated adhesives were also investigated
as part of this research.
The following sections describe, in detail, all of the materials used to produce brake
pads for this research.
3.1 Friction material ingredients
The raw materials used in this research are discussed below; see Table 7.6 for the
composition of individual friction materials.
3.1.1 Resins
A commercially available resin was identified as a potential candidate for cold moulding;
this research evaluated its properties and suitability to the process. The resin was
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‘S2501,’ supplied by Sumitomo Bakelite [321]. It is derived from the naturally occurring
phenolic compound cardanol, which is found in the husk of the cashew nut shell. In
addition to the aromatic ring peculiar to phenols, cardanol has a long aliphatic side
chain of 15 carbon atoms; because of this side chain, resins based upon ‘cashew nut
shell liquid’ exhibit some distinct properties (Section 2.3).
At room temperature, S2501 is a highly visco-elastic dark brown solid (Figure 3.1).
It melts below 100 ◦C to form a viscous liquid. S2501 has a much lower reactivity than
other phenolic resins; its gel time is measured in minutes, not seconds [99, 322]. These
characteristics make it ideal for the cold moulding process in which it must melt and
flow under the influence of frictionally generated heat without curing. However, S2501
is a resole species of phenol-formaldehyde and, as such, it will cure—albeit extremely
slowly—at room temperature. For this reason, S2501 has a limited shelf life of 6 months
at 20 ◦C. It also has a pungent smell of ammonia, which is commonly used as a catalyst
in resole resins [96].
Figure 3.1: Appearance of virgin resins
S2501 costs approximately 50% more than the resins currently used in brake pads,
but this difference can be offset by developing a successful low-cost manufacturing
process, i.e. cold moulding. Because it is supplied in solid lump form, S2501 is also
considerably safer to handle than the conventional powdered or liquid resins. The
surface of the lumps of S2501 was coated with an unknown white compound, which
was analysed as part of this research.
The conventional resin, J1506, which is used in the current market friction material
(E308) was also analysed for this research. Its properties were compared with those
of S2501, and these were used to help interpret the tribological performance of their
respective friction composites. The details of each resin are summarised in Table 3.1.
Another conventional resin, F4514, was used to improve the interfacial bonding of cold
moulded friction composites (Appendix A.1). P498B is included for reference, since it
appears in the formulation of another conventional friction material (E393), which was
adapted for this research.
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Table 3.1: Organic binder resins used in this research
Resin Description Supplier Ref.
S2501 CNSL–paraformaldehyde resole Sumitomo-Bakelite (Europe) [321]
J1506 Epoxy modified novolak Hexion Speciality Chemicals [323]
P498B Unmodified novolak Dynea UK [324]
F4514 Boron modified novolak Sumitomo-Bakelite (Europe) [321]
3.1.2 Fibres
In addition to their tribological function, fibres are an important processing aid to cold
mould manufacture (Section 5.1.1). Although the ubiquitous aramid fibre meets the
requirements of such a processing aid, its presence in a friction formulation increases
the cost of a brake pad significantly. Furthermore, it is synthetically derived, and
manufactured with particularly obnoxious chemicals (para-phenylene diamine, tereph-
thaloyl dichloride, and N-methyl pyrrolidone). Hence, this research sought to use a
natural and much cheaper alternative: hemp.
Hemp The raw hemp fibre used in this research was extracted from ‘Industrial Hemp’
(Cannabis Sativa L.) straw, supplied by Hemp Technology [325]. Two variants of this
fibre were available: ‘retted’ and ‘unretted’; the retted fibre was extracted from straw
that had been left in the field to rot for a short period after harvest (Section 2.4.4.1).
Raw hemp fibres were refined and chopped to the required length by Aptec Prod-
ucts [326]. After processing, the cost of these fibres was just one tenth that of virgin
aramid fibre. The nomenclature ‘LRx’ was adopted to identify samples of processed
fibre, where x represents the number of passes through the La Roche ‘opening machine’
(Section 4.1.2.1).
Rayon To compare the properties and performance of hemp with that of pure cellu-
lose, rayon fibre was used. Rayon is a synthetic form of cellulose obtained by chemical
extraction from wood pulps. It is, therefore, free of the lignins, pectins and other forms
of cellulose that are found in natural fibres. In addition, the extraction process converts
the meta-stable natural cellulose I into the stable polymorph cellulose II [152]. This
process is irreversible.
The rayon used in this research was marketed as ‘high-strength’ Rayon, supplied as
a continuous, multi-filament yarn by Cordenka GmbH. [327]. High-strength rayon is
drawn after extrusion into a filament, which orients the cellulose chains along the fibre
axis and promotes the formation of hydrogen bonds between them [157].
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Aramid During this research it became necessary to supplement hemp with aramid
fibre; both virgin and recycled aramid were used. These are summarised in Table 3.2.
This table also shows the aramid pulp fibre that is used in the current bake pad
manufacturing process.
Aramid is a high strength, high modulus, organic material produced only in fibrous
form. In comparison with other organic materials, it has a high thermal resistance and
can withstand temperatures in excess of 450 ◦C. For this reason it is used extensively
throughout the friction industry to provide high temperature reinforcement to friction
composites. Furthermore, aramid has been shown to have a beneficial effect on friction
stability [28, 50, 52, 53, 328].
Table 3.2: Types of aramid fibre used in this research
Fibre Form Description Length (mm) Supplier
Twaron 1099 Pulp Virgin, highly fibrillated 0.80–1.4 Teijin [329]
Twaron 1076 Staple Virgin, 1.7 dtex 57–68 Teijin [329]
Recycled Staple Recycled from various sources ∼50 Aptec [326]
Chemically, aramid (polyphenylene terephthalamide) is an unbranched polymer
composed of benzene rings joined by amide linkages. This yields two possible struc-
tures: meta and para, depending upon the position of the amide linkage to the benzene
ring. The para form has linear polymer chains that can arrange themselves to form
regular hydrogen bonds, whereas the meta form has kinked chains that inhibit the for-
mation of such an organised structure (Figure 3.2). Meta aramid fibres are, therefore,
considerably weaker than those of para aramid, but they retain its thermal stability.
(a) (b)
Figure 3.2: Chemical structures of (a) para-aramid, and (b) meta-aramid
The melt-spinning process used to manufacture aramid orients its molecular chains
along the fibre axis, but creates two regions of distinctly different crystallinity across
its width. As such, aramid fibres have an outer skin, approximately 1 µm thick, with
a much lower crystallinity than its core [330]. Consequently, any transverse cracks are
redirected along the fibre axis between these two regions. This produces very fine, high
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aspect ratio fibrils, which remain attached to the high strength core fibre—a property
that is exploited by the current brake pad manufacturing process to capture powdered
ingredients [9].
Fibre blends To ensure a homogeneous distribution of fibre throughout brake pads
containing both hemp and aramid, the fibres were intricately blended prior to their
inclusion in the friction material. This operation was also performed by Aptec Prod-
ucts (Section 4.1.2.1). To identify samples of blended fibre, the nomenclature x/y was
adopted, where x and y represent the proportions of hemp and aramid fibre in the
blend, respectively. The following fibre blends were produced: (100/0), 75/25, 50/50,
25/75, (0/100).
3.1.3 Friction modifiers and fillers
A brief description follows for each of the friction modifiers and fillers used in this
research. These are arranged in alphabetical order because many ingredients fulfil
more than one role and, hence, cannot easily be classifed as an ‘abrasive,’ ‘lubricant,’
‘filler’ etc. A summary of the ingredients used is presented in Table 3.3.
Alumina This extremely hard (Mohs 9) refractory mineral is used in minute quanti-
ties to increase the friction coefficient, especially at high temperatures. Alumina must
be used sparingly because the abrasive wear mechanism of hard particles can create
hot spots that cause excessive noise and vibration, damage to brake discs, and thermal
decomposition of the resin matrix [36, 64, 331]. The alumina used in this research had
an average particle size of 13 µm and was supplied under the trade name ‘White Fused
Alumina Micro–F500’ by Kuhmichel Abrasiv [332].
Barium sulphate In contrast to alumina, this relatively soft mineral (Mohs 3–3.5)
is used extensively in friction formulations as an inexpensive space filler, although the
formation of baryte films on the surface of brake pads at temperatures above 300 ◦C
has been observed to improve wear performance [33, 333]. The melting point of barium
sulphate is 1580 ◦C so it is considered inert for most tribological purposes. However, it
can be reduced to barium sulphide in the presence of carbon, although the reaction does
not occur at an appreciable rate below 850 ◦C. Barium sulphide has a lower melting
point of 1200 ◦C and is toxic to humans. The barium sulphate used in this research
was ‘Barifine B50’ supplied by Viaton Industries [334], which has an average particle
size of 50 µm.
Brass Soft metallic particles, such as brass, are used to improve the thermal con-
ductivity of a brake pad without causing excessive damage to the friction counterface.
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Because it is soft and malleable, brass readily forms secondary plateaus at the friction
interface. These help to stabilise the friction coefficient and reduce the wear rate of the
composite. Used in quantities of less than 10% it has been shown to reduce brake fade,
but at higher levels it causes increased wear [335]. Spicular brass swarf with typical
dimensions of 3 mm× 250 µm was used in this research; it had a composition of 60%
copper and 40% zinc and it was supplied by Rimsa Metal Technology [336].
Calcium fluoride Calcium fluoride is a relatively soft mineral (Mohs 4) used in
small quantities as a solid lubricant for friction materials. The calcium fluoride used
in this research was supplied by Taycrest Chemicals [337]; it had an average particle
size of < 74 µm.
Coke As an amorphous form of carbon, coke is able to function as a lubricant in
a similar manner to graphite (see below) without having such a detrimental effect on
composite integrity. Although less effective than graphite as a lubricant, it persists to
higher temperatures and is harder (Mohs 2.5–3) than its anisotropic cousin—this helps
to improve the friction coefficient without sacrificing the wear rate. Furthermore, the
porous nature of coke improves the acoustic behaviour of a brake pad [338]. A partic-
ulate form of coke was used in this research, supplied by James Durrans & Sons [339].
Copper powder Copper readily forms secondary plateaus at the friction interface
because it is soft and malleable. These help to stabilise the friction coefficient and
reduce the wear rate of the composite [250]. Copper also improves the thermal conduc-
tivity of friction materials; in this respect it transfers heat away from hot spots, created
by other constituents, that would otherwise cause the resin to decompose. The copper
used in this research was supplied as particles of less than 425 µm by Pometon [340].
Friction dust Friction dust is a particulate form of fully cured CNSL resin. It is
included in friction formulations to provide a stable coefficient of friction at temper-
atures below 200 ◦C, although it tends to induce fade at higher temperatures [66].
Friction dust is also used to reduce brake noise because it increases the compressibility
and porosity of a brake pad [66]. However, it does have a detrimental effect on the
wear rate. The friction dust used in this research was ‘FD026’ supplied by Sumitomo-
Bakelite [321]; it had a particle size of 150 µm.
Graphite (Mohs ∼1) The anisotropic behavior of graphite in its basal plane makes
it an effective lubricant at low temperatures; as such, it serves to stabilise the friction
coefficient under light braking loads. However, graphite forms a very poor bond with
phenolic resins, so it weakens the composite structure of a friction material. Conse-
quently, it is not normally used in quantities greater than 5%. The graphite used in
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this research was supplied in the form of microscopic powder and ∼400 µm flakes by
Branwell Graphite [341].
Iron disulphide Iron disulphide acts as both a lubricant and an abrasive in a friction
material, depending on the temperature. At low temperatures it plays a critical role
in the formation of transfer films at the braking interface; these help to stabilise the
friction coefficient. However, at temperatures above 425 ◦C it forms an abrasive oxide
and helps to counteract brake fade [121, 342]. The iron disulphide used in this research
was ‘Pyrita-L Red’, which had an average particle size of 25 µm, and was supplied by
Itaprochim [343].
Magnesium oxide A moderately hard (Mohs 5.8) refractory mineral, magnesium
oxide is used as an inexpensive, but slightly more abrasive filler than barium sulphate.
As a basic material it also has a catalytic effect on the cure of phenolic resins [24,
93]. Magnesium oxide is hygroscopic and readily forms magnesium hydroxide in the
presence of moisture. This reaction can be reversed by heating it above 300 ◦C to cause
endothermic decomposition which, in a friction material, would beneficially absorb heat
from its surroundings [344]. The magnesium oxide used in this research was supplied
by Taycrest Chemicals [337].
Perlite Naturally occuring perlite is a hydrated form of obsidian (volcanic glass)
with a Mohs hardness of ∼5. When heated rapidly above 850 ◦C water trapped within
its structure vapourises, causing the mineral to expand to approximately ten times its
initial volume [345]. In its expanded form it is a micro-porous particulate that serves
to suppress frictionally generated noise. As an inexpensive filler, perlite is often used
as a low density alternative to barium sulphate. However, as an airborne dust, perlite
can cause acute (but not chronic) respiratory problems [346]. The perlite used in this
research was ‘20X30S’, supplied by Harborlite [347].
Rubber Both vulcanized and unvulcanized rubber are used in friction materials to
enhance their compressibility; vulcanized rubber imparts a greater elastic recovery to
such materials after compression. Rubber increases the friction coefficient under mod-
erate loading conditions, but it softens to form a lubricating film at temperatures above
270 ◦C, a behaviour that tends to cause brake fade. However, rubber is very effective
at restoring the friction coefficient again once temperatures have fallen after a fade
event [38]. ‘Chemigum P8-D’ unvulcanised nitrile rubber, supplied by Hubron Special-
ity [348], and ‘Rumal 005’ vulcanised rubber crumb, supplied by Lapinus Fibres [349],
were used in this research.
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Vermiculite Crude vermiculite is a soft mineral (Mohs 1.5–2) that expands in volume
by 8–10 times when heated extremely rapidly beyond 870 ◦C [345]. This process is
known as exfoliation and is caused by the creation of steam within its plate-like crystal
structure from the release of bound water. Vermiculite crystals fracture via perfect
basal cleavage, so the mineral acts as a lubricant in a manner similar to that of graphite.
However, it can operate at at much higher temperatures.
Crude vermiculite has sparse and microporous structure; even more so when ex-
foliated. Both forms are added to friction formulations to control their density and
compressibility, and to suppress brake noise. ‘L1006D’ crude vermiculite, and ‘L836D’
exfoliated vermiculite, supplied by Dupre´ Minerals [350] were used in this research.
The average particle size of these products was ∼500 µm.
Zirconium silicate Zirconium silicate is a hard mineral (Mohs 7.5) added to for-
mulations to increase the friction coefficient, especially at high temperatures. In fact,
friction materials containing zirconium silicate have been shown exhibit a positive re-
lationship between temperature and friction [333], thereby helping to counter brake
fade. However, its presence tends to inhibit the formation of friction films [64] so it
increases the wear rate. For this reason it is not typically used in quantities above 5%
by volume. ‘Zircosil D’, supplied by Endeka Ceramics [351], was used for this research;
it had an average particle size of 10 µm.
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3.2 Other brake pad components
In addition to the friction material, at least two other components are required to
make a brake pad: a backplate—to mount the pad within a brake calliper, and an
adhesive—to bond the friction material to the backplate.
3.2.1 Backplates
The primary function of a backplate is to provide the means by which a friction material
is mounted in a brake calliper. In addition to this it also transfers heat away from the
friction material by conduction and (depending on the nature of the calliper) distributes
concentrated loads from the actuating piston evenly across the pad surface. Backplates
must be stiff, thermally conductive, and inexpensive, so they are typically made from
steel.
As a safety critical component, it is crucial that a friction material is securely
attached to its backplate. However, phenolic friction composites do not bond well to
bare steel, so the backplate must be modified in some way.
There are two elements to the bond between a friction material and its backplate:
mechanical and chemical (the latter is described in Section 3.2.2). Historically, the
mechanical element was composed entirely of holes stamped through the backplate, into
which the friction material was extruded (Figure 3.3(a)). This basic form of integral
moulding resists only shear forces; it does little to prevent delamination of the friction
material from its backplate. In addition, it can create regions of sub-density material (in
thin-section brake pads) because the ‘extruded’ material has a lower compression ratio
than its surroundings. More recently, however, Nucap Industries [352] has developed
backplates containing a matrix of hooked teeth (Figure 3.3(b)), known as the ‘Nucap
Retention System’ (NRS). The teeth provide much greater resistance to shear forces
and delamination than a conventional plain backplate [353, 354].
(a) (b)
Figure 3.3: Brake pad backplates: (a) plain, and (b) ‘NRS’
Several different backplates were used in this research, all supplied by Nucap [352],
these are summarised in Table 3.4.
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Table 3.4: Backplate types used in this research
Test Configuration Mechanical key
Friction and wear screening VW Golf Plain
Mitsubishi Evo Plain
UIC 541–3 rail simulation UIC 200 Plain
Shear strength Mercedes Benz Plain & NRS
Compressibility Mitsubishi Evo Plain
3.2.2 Adhesives
Thermally activated adhesives are used to improve the mechanical bond between the
friction material and backplate. To form an effective bond, the adhesive requires ‘inti-
mate contact’ between both surfaces as it cures, so the absence of combined heat and
pressure in the cold moulding process is a potential problem in this respect.
To address this problem, several adhesives were investigated in this work; they are
summarised in Table 3.5.
Table 3.5: Backplate adhesives used in this research
Adhesive Solvent Viscosity (Pa s) Supplier Ref.
R6698 Water 1.3 CIL [355]
R6894 Water 1.3 CIL [355]
Aquabond 09 Water 75 Euro Rigan [356]
36810 Solvent 0.018 Euro Rigan [356]
34FBF/V Solvent 0.034 Euro Rigan [356]
Aqualock 6002 Water 16 Henkel [357]
3.3 Brake pad geometries
Friction and wear tests for this research were performed on three different scales, each of
which required brake pads of a different geometry. The relative scale of these different
pad geometries is shown in Figure 3.4.
For lab-scale friction and wear tests performed on a FAST machine, a simple cube-
shaped specimen of side 20 mm was used.
Sub-scale tests, performed on an inertial dynamometer, required a set of automotive
brake pads designed for the Volkswagen Golf mk. 1 (EBC ‘DP517’ [358]). This was
chosen because it represents a worst case scenario in terms brake pad geometry—the
asymmetric inside and outside pads are prone to excessive noise, vibration and uneven
wear [9].
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Full-scale rail simulation dynamometer tests demanded a set of four UIC 200 brake
pads, as prescribed by UIC code 541-3 [12]. Each of these has an area of 200 cm2 and
contains a network of grooves that improve its flexibility.
Figure 3.4: Brake pad geometries used in this research, left to right: lab-scale ‘FAST’ pad, a
pair of VW Golf pads, and a half-segment of a UIC 200 pad (50p coin for scale)
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Raw Material Analysis
The properties and behaviour of the raw materials used for this research were deter-
mined in order to establish maximum, minimum, and optimum composite manufactur-
ing parameters. This information was also used to aid the interpretation of observed
composite properties and tribological data. The two most fundamental materials used
in this research were CNSL resin and hemp fibre, so these were examined in particular
detail.
4.1 Methods
The experimental techniques used to establish the properties and behaviour of the raw
ingredients are described in the following sections. These are organised according to
the function of each material within the friction composite: resins (which form the
matrix), fibres (which provide reinforcement), and fillers and friction modifiers (which
regulate its tribological performance).
4.1.1 Resins
Phenol–formaldehyde resins form the matrix of a friction composite, which binds all
of the other ingredients together. As such, they have a major influence on the friction
and wear performance of a brake pad. However, it is equally important to understand
the melt, flow, and cure properties of these resins for the composite manufacturing
process as it is to understand their thermal degradation characteristics for tribological
performance. In this research a resin based upon cashew nut shell liquid (CNSL)
was used in place of the conventional resins used for friction materials. As such, its
performance was unknown so a thorough investigation of its properties was undertaken.
To facilitate analysis, lumps of the CNSL-based resin ‘S2501’ were cryogenically
ground to a powder and graded through a 500 µm sieve. The conventional resin ‘J1506’
was analysed in its raw powdered state.
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4.1.1.1 Infrared Spectroscopy
The exact composition of S2501 was unknown because it is a proprietary commercial
resin. Since these resins are often blended with other compounds to adjust their prop-
erties (Section 2.3.2), it was desired to know what these were and how they might affect
the manufacturing process and/or tribological performance of a friction composite.
A sample of S2501 resin was analysed by Fourier-Transform Infrared spectroscopy
(FTIR), operating in Attenuated Total Reflectance (ATR) mode in the mid-infrared
region of the electromagnetic spectrum.
A small piece of resin was placed directly on the diamond window of the ‘golden
gate’ ATR accessory and clamped with a torque of 50 cN m to achieve good contact
with the Bruker Vector 22 instrument. Prior to analysis, a background spectrum was
collected. This was subsequently subtracted from all of the sample spectra. The
spectrum of S2501 resin was computed from 32 consecutive scans and converted into
absorbance data.
The solid lumps of S2501 were coated with an unknown white compound, which
was scraped off with a razor blade and analysed in the same way.
4.1.1.2 Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) was used to analyse and compare the cure
characteristics of the CNSL-based resin S2501 with the conventional resin J1506. It was
also used to investigate the thermal degradation of these materials, although the tests
were limited to a maximum temperature of 500 ◦C by the upper limit of the Mettler
Toledo DSC821e instrument used. Dynamic temperature scans were used to establish
the thermal characteristics peculiar to each resin (e.g. melting point, glass transition,
onset of cure etc.) and isothermal scans were used to identify the rate and degree of
cure.
For cure analysis, 10 mg samples of resin were sealed in 120 µl disposable stain-
less steel ‘medium pressure’ crucibles1, which could withstand an internal pressure of
2 MPa. This was necessary because the condensation reaction by which the resins cure
releases water, the evaporation of which can produce an endotherm sufficiently strong
to mask or distort the measured exothermic cure signal. Furthermore, the conversion
of ether bridges to methylene bridges in the cross-linked network yields formaldehyde,
which is a reactant for the initial methylolation stage of cure (Section 2.3.2). Without
a sealed crucible, this gaseous reactant would be lost from the system.
Sealed crucibles of this type are also prescribed in ISO 11409:1993, which specifies
the procedure for analysing phenol–formaldehyde resins by DSC. A modified version
of this method was used in this research: samples of resin were heated from 10 ◦C
1Mettler Toledo part no. ME00029990.
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to 250 ◦C at rates of 3–15 ◦C min−1 in a cell purged with nitrogen gas at a rate of
50 ml min−1. The same experiment was also performed from 10 ◦C to 220 ◦C (which
is just below the onset of thermal degradation), followed by cooling back to 10 ◦C at
3 ◦C min−1. The maximum temperature of these experiments was limited to 250 ◦C by
the thermal stability of the Viton O-ring used to seal the crucibles.
Isothermal analyses of the resins were performed using the same crucibles. Samples
of S2501 were held at temperatures of 120–200 ◦C in 10 ◦C increments. S2501 was also
compared with J1506 by holding it at 180 ◦C (which is the peak curing temperature of
S2501) for 12 h to establish a complete cure. To ensure that each isothermal temper-
ature was reached as quickly as possible, the DSC cell was preheated prior to sample
insertion. The start of each experiment was forced immediately after insertion, with
no settling period, in order to capture as much of the reaction as possible.
To provide a reference for analysis, the samples that had been cured for 12 h at
180 ◦C were deemed to be fully cured. The method of Barton [359] was employed
to calculate the total heat of reaction, ∆HR. This method uses the heat flux trace
from a repeat run of the same sample as a baseline for the integration of the first run.
The repeat sample is assumed to be vitrified (i.e. ‘inert’) at the previous isothermal
temperature and so it provides a better estimate of the true non-linear baseline during
the early stages of reaction than would a horizontal line drawn at the end of the first run.
An example is given in Figure 4.1. This method compensates for the effects of sample
heating and instrument equilibration during the critical early stages of measurement.
Figure 4.1: Baseline for isothermal analysis established from repeat run of same sample
Although there is still a risk of not capturing the very beginning of the cure reaction
with this method, the alternative method [104] of estimating ∆HR from the average of
several dynamic scans performed at different rates was not possible. This was because,
at scan rates above 3 ◦C min−1, the exothermic cure peak does not reach completion
before 250 ◦C (the upper limit of the medium pressure crucibles), and at slower rates,
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the rate of heat evolution is too small to measure accurately. The use of larger samples
was not possible because the volume of gas produced would burst the crucible seal.
Nonetheless, it is believed that the proportion of enthalpy ‘missed’ by this technique
was negligible since the reaction rate of S2501 is so slow.
The degree of cure, α, with respect to time, t, was calculated according to Equa-
tion 4.1:
αt =
∆Ht
∆HR
(4.1)
where ∆Ht is the cumulative heat of reaction, obtained by integrating between t0 and t.
Thermal degradation behaviour of the resins was determined by heating 10 mg
samples from 25 ◦C to 500 ◦C at 10 ◦C in 40 µl aluminium crucibles fitted with a
pierced lid. These experiments were performed in atmospheres of nitrogen and air
(separately), since a brake pad is exposed to both environments in production and in
service; material within the bulk of a pad is deprived of oxygen, whereas that at the
surface is open to the elements.
4.1.1.3 Thermogravimetric Analysis
Thermogravimetric Analysis (TGA) was used to study the cure characteristics and
thermal decomposition of the resins at temperatures up to 900 ◦C, which was the upper
limit of the Netzsch TG 209 instrument used.
Thermal decomposition was analysed by heating samples of ∼10 mg from 25 ◦C to
900 ◦C at 10 ◦C min−1 in an atmosphere of either nitrogen or air, purged at a rate of
50 ml min−1. Each sample was loaded into an 85 µl alumina crucible and weighed to
a precision of 1 µg using the internal balance of the instrument. Correction tests were
performed to compensate for the effects of sample buoyancy and thermal expansion of
the measurement system.
Isothermal tests were performed for cure analysis. Powdered samples of ∼10 mg
were heated from 25 ◦C to the required isothermal temperature2 in 3.5 min, then main-
tained at this temperature for 3 h. Isothermal temperatures were chosen from 130–
250 ◦C in 20 ◦C increments, with additional tests at 200 ◦C and 220 ◦C. The experiment
was performed in an atmosphere of nitrogen, purged at 50 ml min−1.
4.1.1.4 Thermomechanical Analysis
The melting and curing behaviour of the resins were analysed by Thermomechanical
Analysis (TMA). Since cold moulded friction materials are not subject to compression
2It was not possible to start the experiment from the desired isothermal temperature with the
TG 209 instrument.
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when they are cured,3 any thermal expansion or out-gassing of the resin may have an
adverse effect upon their integrity and/or porosity. This technique was also used to
determine the thermal expansivity of the resins once cured.
For melting and cure analysis, specimens were prepared by compacting samples of
powdered resin into discs of ∼4 mm diameter and ∼0.3 mm thickness at 160 MPa for
3 s. The specimens were mounted between two fused silica discs and heated from 30 ◦C
to 300 ◦C at 3 ◦C min−1 in a Mettler Toledo TMA 40 instrument. The sample thickness
was monitored to a precision of 0.1 µm with a hemispherical glass probe held in place
by a normal force of 0.01 N.
Cured specimens were prepared by post-baking the resin between two heavy plates
in an oven. The plates were separated with steel shims to achieve a uniform thickness,
and specimens were cut from bubble-free regions of the resultant sheet. These spec-
imens were analysed using the same method as for the virgin resin, except that the
maximum temperature was raised to 700 ◦C.
Correction tests were performed to isolate changes in sample dimensions from ther-
mal expansion of the measurement system.
4.1.1.5 Dynamic Mechanical Analysis
To form a homogeneous friction composite, the matrix resin must fully wet all of its
constituent ingredients. In the cold moulding process, this is accomplished by high
shear mixing, which raises the temperature of the resin (through friction and viscous
heat dissipation) and causes it to flow. Dynamic Mechanical Analysis (DMA) was used
to measure the visco-elastic properties of the resins from their virgin state, throughout
the curing process, until fully cross-linked. During this process the magnitude of change
was too great to be measured by conventional rheological tests.
Specimens were prepared for analysis by compacting samples of powdered resin
into 8 mm discs ∼1 mm thick at 160 MPa for 3 s. These were mounted between
8 mm parallel aluminium plates in a TA Instruments AR2000 rotational rheometer4.
To achieve good contact for the dynamic tests, the plates were first preheated to 95 ◦C
(which is below the onset of cure for both resins) and the samples were clamped between
them under 2 N normal force. The plates were then cooled to the experiment start
temperature whilst the normal force was controlled at 0± 0.1 N.
To determine the linear visco-elastic region, a dynamic stress sweep was performed
on the virgin resins from 1 Pa to 10 MPa at oscillatory frequencies of 0.1 Hz to 10 Hz at
10 ◦C, which was the lowest anticipated processing temperature during cold moulding.
3Hot moulded composites are part-cured during the hot pressing stage, whereas cold moulded
composites are cured during post-bake only.
4In this case the term ‘rheometer’ is a misnomer since it was operated in an oscillatory mode,
which records dynamic mechanical measurements.
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The same test was also performed at 150 ◦C on a samples cured at 150 ◦C for 3 h.
These tests confirmed that a strain of 0.1% at a frequency of 1 Hz was appropriate for
subsequent tests.
Using these settings, dynamic oscillation tests were then performed on the virgin
resins from −30 ◦C to 300 ◦C at 3 ◦C min−1. The CNSL-based resin was also tested at
frequencies of 0.1–10 Hz from 10 ◦C to 250 ◦C in 10 ◦C increments.
Isothermal tests were performed for 1 h at temperatures of 90–130 ◦C in 10 ◦C
increments to determine the effect of typical processing temperatures observed during
manufacturing trials (Section 5.2.2.3).
Further isothermal tests were performed at temperatures of 120–200 ◦C in 10 ◦C
increments for 3 h, which is a typical post-bake duration for friction composites. To
determine the effect of isothermal cure at 150 ◦C, which was the chosen post-bake
temperature for this research (Sections 4.2.1.5 and 5.2.5.1), the same test was then
performed at 150 ◦C for periods of 5, 10, 20, 40, and 80 min, and 3, 6, 12, and 24 h.
All isothermal tests were followed by a dynamic scan from 50 ◦C to 250 ◦C.
4.1.2 Fibres
Fibres provide reinforcement to the composite matrix and have been shown to con-
tribute to a fundamental mechanism for the stable friction and wear performance of
a brake pad [269]. Typically, high performance, high thermal stability fibres such as
aramid are used for this purpose, but in this research it was intended that they would
be replaced with hemp. Very little research has been published in which this fibre has
been used as a reinforcement for friction composites, so a thorough characterisation of
its relavent properties was performed for this investigation.
4.1.2.1 Fibre processing
The mixing operation of the cold moulding process requires a feedstock of fibres with
specific properties; fibres that are too long or too coarse cannot be mixed (because this
requires too much power), nor can fibres that are too short or too fine (because they
behave more like a powder and absorb too much resin). Hence, raw hemp fibres must
be processed to achieve the correct morphology.
A. Raw hemp fibres To alter the morphology of the raw fibres they were passed
through a La Roche ‘opening machine’. Fibres are fed into this machine between
two rollers; as they exit the rollers they are presented to a large rotating drum (Fig-
ures 2.21 & 4.2) whose surface is populated with 25 mm spikes (at a density of 2.5
spikes per cm2). The drum rotates with a surface velocity in excess of 70 m s−1, which
is considerably faster than the input feed rate of ∼10 cm s−1. Consequently, the fibre
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bundles are teased apart by repeated contact with the spikes; the process is extremely
aggressive!
Process flow
direction
Figure 4.2: The La Roche ‘opening machine’
Initially, both retted and unretted virgin hemp fibres were processed in this manner,
but it was found that the retted fibres responded best to processing (Section 4.2.2). In
subsequent experiments, retted virgin fibre was cycled through the La Roche machine
up to six times, by which stage many of the fibres had been reduced to dust. Pro-
cessed samples are identified in this research using the nomenclature ‘LRX’, where X
represents the number of process cycles.
As the fibres exit the La Roche machine, they form a voluminous ‘cohesive web’.
Without further alignment of the fibres, this web was fed into a Pierret G28L recipro-
cating guillotine to chop the fibres to a nominal length. The fibres used in this research
were chopped to lengths of 3, 6, 9, or 12 mm.
B. Fibre blends During this research it became necessary to supplement the hemp
fibre used in friction formulations with aramid (Section 7.3). To ensure that the two
fibres would become homogeneously distributed throughout the composite, they were
intricately blended before it was mixed. Three blends were produced containing 75,
50, and 25% hemp, with the remainder composed of virgin aramid fibre.
A sandwich comprising several layers of aramid and LR2 hemp (in the appropriate
proportions), was tumbled on an upright lattice, fed through a Fearnought blender and
then consolidated in a pneumatic cyclone for 20 min. The batch size was 20 kg.
After blending, the fibres were aligned into a sliver of 12 g per linear metre at a rate
of 30 kg hr−1 using a Dref Mini Card. They were then chopped to a length of 12 mm
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with a Pierret G28L reciprocating guillotine. This operation was performed by Aptec
Products [326].
It was not possible to blend hemp with the aramid pulp used in conventional friction
materials because the morphology mismatch between the two fibres was too great and,
furthermore, it was shown that aramid pulp is unsuitable for use in the cold mould
manufacturing process because it has an excessively high specific surface area for mixing
(Section 4.2.2.7). The aramid fibre used for blending was Twaron staple fibre 1076.
4.1.2.2 Differential Scanning Calorimetry
The thermal degradation behaviour of each fibre was investigated by DSC. Samples
of ∼20 mg were compressed into 100 µl aluminium crucibles, fitted with a pierced lid,
and heated from 25 ◦C to 500 ◦C at 10 ◦C min−1. Each fibre was tested in atmospheres
of nitrogen and air (separately), purged at a rate of 50 ml min−1.
4.1.2.3 Thermogravimetric Analysis
Thermal degradation of the fibres was also investigated by TGA. Samples of ∼20 mg
were compressed into 85 µl open alumina crucibles by hand and heated from 25 ◦C
to 900 ◦C at 10 ◦C min−1 in atmospheres of nitrogen and air (separately), purged at
50 ml min−1. Each sample was allowed to relax for 24 h prior to weighing and mea-
surement to ensure that movement caused by fibre relaxation did not upset the balance.
Correction tests were performed to compensate for the effects of sample buoyancy and
thermal expansion of the measurement system.
4.1.2.4 Bulk density
The bulk density of the ingredients used in a friction composite is important because,
although the mass of material in a formulation is determined by intrinsic material
density, the capacity to mix it, the compression ratio of the granulated material, and
the compressibility of the final composite are all affected by the bulk density.
It is difficult to quantify bulk density of a powdered or fibrous material because it
is strongly dependent on previous handling conditions and compressive strain history.
For this reason, bulk density measurements were made after subjecting each material
to a defined handling and/or compressive treatment. For confidence, each test was
repeated 5 times.
Fibre samples were first teased apart by hand to remove any previous compressive
strain and then compacted to a specific pressure in a Lloyd Instruments EZ20 Mechan-
ical Tester. 50 g samples were loaded into a 64 × 150 mm die and compressed to
1 MPa at 10 mm min−1, at which point the bulk density was recorded. The elastic re-
covery (relaxation) of the fibres was also monitored at 10 mm min−1, since this has the
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greatest influence on the compression ratio of the granulated material (i.e. the extent
to which the composite mixture recovers after pressing, and therefore the bulk density
of the composite).
4.1.2.5 Sieve analysis
During experiments on the processed hemp fibres (Sections 4.2.2.6, 4.2.2.7, and 4.2.2.8)
used in this research it was noted that the LR6 fibres, in particular, seemed to contain a
higher fraction of dust than the rest. To confirm whether this was correct, 15 g samples
of each fibre (chopped to 3 mm) were sieved for 15 min through a stack of 6 sieves with
the following mesh sizes: 2.36 mm, 1.60 mm, 1.00 mm, 600 µm, 425 µm, and 300 µm.
The fraction of material retained in each sieve was then weighed for analysis.
4.1.2.6 Microscopy
Hemp fibres were examined at high magnification to quantify the effect of processing
operations upon their morphology. In particular, to observe the separation of hemp
fibre bundles into individual fibres. Virgin fibres, extracted from hemp straw, were
studied first to provide a baseline against which to compare the processed fibres. The
processed fibres were then compared with two forms of aramid fibre: ‘1099 pulp,’ which
is used in the current market friction material (E308), and ‘1076 staple,’ which was
found to have an appropriate morphology for blending with hemp fibre. Finally, a
50/50 blend of hemp and aramid staple fibres was examined. In addition, the images
captured were compared with those from a previous study that aimed to incorporate
hemp fibres in brake pads [9].
Macro photography was used to compliment the microscopic fibre analyses per-
formed by light and scanning electron microscopy. High resolution (8 MPx) images
were captured against a plain white background in uniform natural lighting with fill-in
flash where appropriate. A steel rule graduated in units of 0.5 mm was included in the
background plane for scale.
In conjunction with other tests, the results of this analysis enabled the selection of
an appropriate raw fibre feedstock and processing technique for use in the production
of friction composites.
A. Light microscopy Hemp fibres were distributed by hand onto glass microscope
slides and covered with a thin glass coverslip, held in place with cyanoacrylate adhesive.
Care was taken to ensure that, as far as possible, the fibres did not overlap.
Each slide was viewed at 30×, 80×, and 125× magnification in bright field trans-
mission on a Zeiss ‘Axioplan 2’ microscope. Images were captured using a digital video
camera, and measurements were made using calibrated ‘AutoCyte LINK’ software.
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Two forms of virgin fibre were examined: ‘retted’ and ‘unretted.’ The retted fi-
bre had been left in the field for a period after harvesting to initiate the biological
breakdown of the lignins and pectins that bond the fibres within the plant stem (Sec-
tion 2.4.4.1). Both types of fibre were processed twice (Section 4.1.2.1) and then re-
examined to establish which, if any, had responded best to processing. It was desired
that the fibre trunks became fibrillated and reduced in width in order to provide effec-
tive reinforcement and greater interaction with the resin during mixing. In addition,
the aspect ratio should be maintained and the fibre yield should be high.
Following this examination, retted fibre was deemed to be the most suitable for
use in friction composites and was processed a further four times (six times in total).
The processed fibres were then examined to establish whether further processing had
offered any significant benefit in terms of improved morphology.
After processing, each sample was chopped to a variety of different lengths (Sec-
tion 4.1.2.1), but it was not possible to quantify the effect of nominal length on the
length distribution by microscopy because even the shortest of samples (3 mm) ex-
ceeded the field of view. Other conventional techniques for measuring fibre size distri-
bution directly (e.g. by image analysis [360] or laser scattering [361]) were also unsuit-
able because the non-uniformity of the fibres was too great.
The fibre specimens prepared for analysis were: unretted and retted virgin hemp;
unretted and retted processed hemp (‘LR2’)5; and 6 mm chopped retted LR1, LR2,
LR4, and LR6 hemp. For confidence, five slides of each specimen type were examined.
B. Scanning Electron Microscopy Specimens were prepared from the same
types of hemp as used for light microscopy (above). Each sample was mounted on
a cylindrical microscope stub using electrically conductive carbon tape and sputter
coated with ∼4 nm of gold. The fibres were imaged in a Hitachi S2000N scanning
electron microscope (SEM), operating with a potential difference of 25 keV, using sec-
ondary electron detection.
4.1.2.7 Arealometry
Arealometry is the measurement of morphological fibre characteristics by their resis-
tance to airflow.
The flow rate of a fluid through a porous medium is proportional to the permeability
of that medium and inversely proportional to the viscosity of the fluid. This is an
expression of Darcy’s law, which can be written as:
Q =
−ka
µ
· ∆P
L
(4.2)
5See Section 4.1.2.1 for nomenclature.
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where Q is the total volumetric discharge rate, µ is the viscosity of the fluid, ∆P is
the pressure drop across the porous medium, and k, A, and L are the permeability,
cross-sectional area, and depth of the porous medium, respectively. The term k is
related to the size and shape of the particles comprising the porous medium.
Since it was discovered in 1856, many authors have extended Darcy’s law to cover a
variety of different porous media [362]. This has led to the Kozeny–Carman equation,
which can be applied to determine the specific surface area of textile fibres. In this
form, it is expressed as:
A =
[
Ka
µL
3
(1− )2
∆P
Q
]1/2
(4.3)
where a is the cross-sectional area of the bulk fibre sample, µ is the viscosity of air,
L is the length of the specimen,  is the void fraction within the sample, ∆P is the
pressure drop across the sample, and Q is the volumetric air flow rate. K is a constant
of proportionality that depends on the cross-sectional geometry of the fibres and their
orientation with respect to the direction of air flow: it typically has a value of ∼0.17.
Hence, by measuring the pressure drop and volumetric flow rate across a packed bed
of fibres, an estimate of their surface area can be made. The measurement is made in
units of reciprocal length (typically mm−1) since the area is normalised against volume
(i.e. mm2/mm3).
The accuracy (± 3% [362]) and repeatability of the results from this test, together
with the simplicity of measurement led it to become an international standard for the
determination of textile fibre fineness [363]; this method is particularly common in the
wool industry.
An ‘arealometer’ is an instrument for measuring fibre fineness by the method de-
scribed above. For this research, a custom arealometer was designed and built, based
upon the drawings of Duckett and Krowicki [364]. Inside the device, a 64×15 mm fi-
bre puck is sandwiched between two honeycomb meshes and held above a 40 mm flow
chamber. Airflow into the base of the chamber is controlled with a 0.2–1.5 l s−1 flow
meter and downstream pressure is measured by a 1 m water-filled U-tube manometer.
Upstream pressure is atmospheric. The honeycomb mesh serves both to straighten
the flow and to clamp the fibres in place. A cross-section through the instrument is
presented in Figure 4.3(a) and the experimental setup is shown in Figure 4.3(b).
It has been shown that the compression ratio of the fibre puck can influence the
measured value of specific surface area [365]. In this investigation, the fibre mass and
working volume were kept constant so that any observed changes in specific volume
could be attributed to the properties of the fibre network rather than experimental
conditions.
The shape and orientation of the fibres with respect to the airflow can also influence
95
Chapter 4
(a) (b)
Figure 4.3: Arealometry: (a) cross-section of arealometer instrument, and (b) experimental
setup for fibre fineness measurement
the specific surface area measurement. This is accounted for by the coefficient ‘K’ in
the Kozeny–Carman equation (4.3). It has been shown experimentally that K = 0.17
is an appropriate value (for randomly oriented samples of cotton fibre), and that it
remains constant for similar fibres [364].
The Kozeny–Carman equation is only valid for the laminar flow regime: in turbulent
flows, inertial losses cause the pressure–flow rate relationship to become non-linear.
Before performing measurements of fibre specific surface area, the laminar flow range
was identified by monitoring the pressure drop across a bed of 3 mm LR2 fibres for
flow rates of 0.2–1.3 l s−1. It was found that 0.5 l s−1 was an appropriate flow rate for
laminar fluid behaviour and this was used in all subsequent experiments.
Specific surface area measurements were performed on 15 g samples of virgin and
processed hemp fibres chopped to a nominal length of 3 mm. The same experiment
was also performed on LR2 hemp fibres chopped to nominal lengths of 3–12 mm and
on aramid pulp and staple fibres. For confidence, 5 pucks of each type were tested.
The fibre pucks were produced by compressing the bulk fibres to 1 MPa in a 64 mm
die by the same method used for DMA samples (Section 4.1.2.8).
4.1.2.8 Dynamic Mechanical Analysis
Dynamic Mechanical Analysis (DMA) was used to characterise the mechanical prop-
erties of the dry fibre networks formed by processing virgin hemp fibre. Processing
causes the fibre bundles to separate and fibrillate into a dry network structure (Sec-
tion 4.1.2.1). To quantify the effect of process variables upon the properties of this
network structure, a delicate mechanical test was used. This test was developed by
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Askling et al. and Sloan to quantify the entanglement and deformability of dry-formed
fibre networks [9, 366, 367]. These authors demonstrated that the stiffness and visco-
elastic limit of such a network is dependent on the number of fibre crossings per unit
volume, and that this can be measured as a function of its elastic shear storage modu-
lus, G′. The value of G′ is therefore proportional to the degree of fibre entanglement,
and can be used to measure the critical strain, γc, at which the network ruptures. Dry-
formed networks with greater fibre entanglement ultimately provide better composite
reinforcement, but are harder for viscous resins to penetrate [368].
To measure the visco-elastic properties of the fibre networks produced for this re-
search, samples were subjected to a rotational oscillatory strain using a TA Instruments
AR2000 rotational rheometer. The advantages of using this technique are summarised
below [9]:
• The machine configuration allows a representative sample of the bulk fibre net-
work to be loaded accurately and repeatably
• The rotational shear strains applied mimic the deformation of the fibre network
during manufacture
• The precision of the machine (90 nano radians) allows the detection of minute
changes in the fibre network structure
Samples in the form of a fibre puck (see below) were mounted between parallel
plates of 25 mm diameter using double-sided adhesive tape. The gap between these
plates was adjusted to maintain the same network density for each sample. Strains of
0.001–10% were applied by rotating the upper plate at a fixed frequency of 1 Hz.
There were two limitations with this setup:
• The variation of strain at a fixed frequency caused the strain rate to increase as
the test progressed, but this was unavoidable with the instrumentation available.
• The use of a parallel plate geometry caused the applied strain field to be non-
uniform with respect to radial displacement from the centre of the plate. However,
conventional cone and plate geometries—used to maintain a uniform strain field—
were considered unsuitable for this test because they require a very small gap
between the plates, which would have made the sample unrepresentative.
Despite these shortcomings, the results are comparative between samples.
To determine whether the application of oscillatory strain would cause damage
to the fibre network structure by fatigue (and therefore invalidate the results of an
oscillatory strain sweep test), a fixed oscillatory strain was applied to a sample of
3 mm LR2 hemp at a frequency of 1 Hz for 1 h (more than twice the duration of a
strain sweep test).
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Specimen preparation Fibre pucks were prepared by compacting 1000 ± 0.1 mg
of fibre in a positive mould of 25 mm diameter. A Lloyd Instruments EZ20 mechanical
tester was used to apply a compressive load of 500 N by moving the crosshead at a rate
of 1 mm s−1. The load was held for 10 s then the sample was removed and allowed to
relax for 24 h prior to measurement.
Each puck was mounted between the rheometer plates by hand and briefly com-
pressed under a 10 N load to provide intimate contact with the adhesive tape. This
was followed by a further 2 h relaxation period prior to measurement.
The fibre specimens prepared for analysis were: 3 mm chopped samples of raw,
LR16, LR2, LR4, LR6, and retted virgin hemp; and 3, 6, 9, and 12 mm chopped
samples of LR2 hemp. For confidence, three pucks of each specimen type were tested.
4.1.3 Fillers and friction modifiers
Friction modifiers form the bulk of a friction composite. The tribological performance of
a brake pad is considerably influenced by the complex chemical interactions that occur
from thermal degradation of these ingredients at the braking interface [31]. All of the
friction modifiers used in this research were supplied in a powdered or coarse granular
form, so no further processing was necessary prior to analysis. The thermal stability
of each material was investigated to help understand the tribological performance of
the composites produced in this research.
4.1.3.1 Differential Scanning Calorimetry
Samples of ∼10 mg were contained in 40 µl aluminium crucibles fitted with a pierced
lid and heated from 25 ◦C to 500 ◦C at 10 ◦C min−1 in atmospheres of both nitrogen
and air (separately), purged at 50 ml min−1.
4.1.3.2 Thermogravimetric Analysis
Samples of 20–50 mg (dependent on material density) were contained in 85 µl open
alumina crucibles and weighed to a precision of 1 µg using the internal balance of the
TG 209 instrument. These were heated at a rate of 10 ◦C min−1 and the experiment was
performed in atmospheres of both nitrogen and air (separately), purged at 50 ml min−1.
Correction tests were performed to compensate for the effects of sample buoyancy and
thermal expansion of the measurement system.
6See Section 4.1.2.1 for nomenclature.
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4.1.3.3 Bulk density
Approximately 150 cm3 of each powder was poured freely into a 250 ml measuring
cylinder and manually tapped with a ruler until no further settlement occurred. The
exact volume and mass were then recorded to calculate the density. For confidence,
each test was repeated 5 times.
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4.2 Results and discussion
The properties and behaviour of individual raw ingredients are described below. This
data was used to determine the manufacturing process parameters for cold moulding,
to understand the properties of the composites produced, and to help explain their
tribological performance. This section is organised according to the function of each
material within the friction composite. Each material class is then subdivided by
the analytical techniques used to evaluate it, and finally by the specific properties
investigated.
Data analysis Where onset and endset points are quoted, these were extrapolated
from the intersection of tangents drawn before and after the point of interest. The
tangents were placed at local maxima and minima in the rate of change, apparent from
the first derivative trace. These points were also used to evaluate absolute changes in
the value of a measured signal (e.g. mass loss by TGA). Peak locations were estab-
lished from the points at which the first derivative passed through zero. Peak heights
are referenced against a baseline value established at the start of each test; for DSC
measurements, this was the heat flux after the initial transient had subsided. All values
quoted are normalised with respect to sample size and correct to 3 significant figures,
except where precluded by the resolution of the instrument. Derivative traces were
smoothed using a central difference algorithm or polynomial fit.
4.2.1 Resins
The melt, flow, cure, and thermal degradation characteristics of the CNSL-based resin
S2501 are presented below. Where appropriate, these are compared with the conven-
tional resin J1506, which is used in the current market material E308.
In the discussions that follow, the term ‘melt’ is used to describe the process of
appreciable softening that causes each resin to behave more as a ‘liquid’ than as a
‘solid’ in the everyday senses of these words. It is recognised that, since the resins
soften continuously over a very broad temperature range (Section 4.2.1.5), they exhibit
no distinct phase transition and therefore cannot be considered to ‘melt’ in a scientific
context.
4.2.1.1 Infrared Spectroscopy
The mid-infrared spectra of S2501 and J1506 resins are presented in Figure 4.4 and
their characteristic peaks are summarised in Table 4.1.
The mid-infrared spectra of S2501 and J1506 resins share some features in common,
in particular, the absorption bands in the region 1600–1430 cm−1, which are attributed
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Table 4.1: Assignment of peaks found in resin samples
Sample Peak Strength Assignment
(cm−1) Bond Motion Moiety
S2501 3351 V. weak O–H Stretch Water (H–bonded)
3010 Medium =C–H Stretch Alkene
2923 V. strong C–H Asym. stretch Methylene
2852 V. strong C–H Sym. stretch Methylene
2359 Medium C=O Asym. Stretch Carbon dioxide
2341 Medium C=O Asym. Stretch Carbon dioxide
1582 Strong C=C Stretch Aromatic skeleton
1430 V. strong C=C Stretch Aromatic skeleton
1263 V. strong C–H In-plane bend Aromatic
1091 V. strong C–H In-plane bend Aromatic
910 V. strong C–H Out-of-plane bend Aromatic
868 Strong C–H Out-of-plane bend Aromatic
720 V. strong CH2 Rock Methylene
J1506 3303 Medium O–H Stretch Water (H–bonded)
3016 Weak C–H Stretch Aromatic
2945 Weak C–H Asym. Stretch Methylene
2873 Weak C–H Asym. Stretch Methyl
2836 Weak C–H Sym. Stretch Methylene
1594 Medium C=C Stretch Aromatic skeleton
1506 Strong C=C Stretch Aromatic skeleton
1438 Strong C=C Stretch Aromatic skeleton
1235 V. strong C–O Stretch Aromatic ether
1170 V. strong C–N Stretch Aliphatic amine
1100 Strong C–O Stretch Aliphatic ether
1005 Strong C–H In-plane bend Aromatic
811 Strong C–H Out-of-plane bend Aromatic
753 Strong C–H Out-of-plane bend Aromatic
671 Strong C–H Out-of-plane bend Aromatic
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Figure 4.4: Mid-infrared spectra: comparison of S2501 and J1506 resins
to the carbon–carbon stretching vibrations of the phenolic ring. Absorbance bands
associated with C–H bending in the same moiety are also common to both resins in the
region 900–690 cm−1. However, these bands appear at the higher end of this energy
range in S2501, which is indicative of a greater degree of substitution on the phenolic
ring. This is attributed to the presence of an aliphatic side chain at the meta- position
of the phenolic ring in CNSL (upon which S2501 resin is based).
The presence of this chain was confirmed by the very strong absorbance bands at
2923 cm−1 and 2852 cm−1, which are associated with the stretching of C–H bonds in
aliphatic compounds. In addition, a medium strength peak was observed at 3010 cm−1,
which is attributed to the C–H stretching of unsaturated units in an aliphatic chain, of
which there are up to 3 in CNSL. Furthermore, S2501 exhibits a very strong peak at
720 cm−1, which is associated with the rocking motion of CH2 units in a long aliphatic
chain. This is consistent with the chain in CNSL, which is 15 units long. Such chains
are hydrophobic, hence the absorbance band at 3351 cm−1, which is attributed to the
stretching of O–H bonds, is very weak.
A medium strength absorbance doublet was observed at 2356 cm−1 and 2341 cm−1,
which is characteristic of the C=O stretch in carbon dioxide. It is likely that this is
a remnant by-product of the extraction process used to obtain cardanol from CNSL
(Section 2.3).
In contrast, J1506 contains very few aliphatic components and it exhibits a signifi-
cant peak at 3303 cm−1, which is attributed to the presence of water. Since there is no
side chain in this resin, the OH groups of phenol make it hydrophilic. This resin, also
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exhibits a very strong peak at 1235 cm−1 and a strong peak at 1100 cm−1, which are
characteristic of the C–O bond stretch in aromatic and aliphatic ethers, respectively.
These are attributed to the epoxy modification of this resin. In addition, J1506 exhibits
a strong peak at 1170 cm−1, which is attributed to the stretching of the C–N bond in
hexamine—the catalyst and source of formaldehyde blended with this resin. Since this
is a tertiary amine, no N–H stretching bonds are visible in this spectrum.
The mid-infrared spectrum of the white compound found on the surface of S2501
resin lumps was was compared with those from a library of known compounds. It was
found to have a 90% match with the material ‘Promol NZ’ [369] and a 70% match with
the material ‘Struktol A60’ [370], both of which contain zinc stearate and have melting
points in the range 86–96 ◦C. Their spectra are shown in Figure 4.5. These materials
are sold commercially as additives for rubbers and high viscosity moulding compounds.
It is typical for phenolic resins to contain additives such as these (Section 2.3.2), and
zinc stearate is particularly common [24].
Figure 4.5: Mid-infrared spectra: comparison of unknown white compound found on S2501
with Promol NZ and Struktol A60
4.2.1.2 Differential Scanning Calorimetry
A. Cure analysis The cure characteristics of both S2501 and J1506 were analysed
by DSC. Dynamic tests were used to determine onset and endset temperatures and to
compare the overall profiles of the two resins; isothermal tests were used to establish
the rate and enthalpy of reaction.
i. Dynamic tests The DSC thermogram of the CNSL-based S2501 resin is
compared with that of the conventional resin J1506 (at a heating rate of 3 ◦C min−1)
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in Figure 4.6. The conventional resin exhibits an endothermic peak of magnitude
−35.0 mW g−1 at 44 ◦C and a further endothermic event between 83 ◦C and 94 ◦C.
This is followed by the sharp onset of a major exothermic event at 121 ◦C. This event
reaches a peak of 260 mW g−1 at 133 ◦C and is followed by a second, much weaker and
more broad peak of 37.8 mW g−1 at 191 ◦C. Together, the two exotherms represent
an enthalpy of 139 J g−1. At 232 ◦C a further exothermic event begins and continues
beyond 250 ◦C.
Figure 4.6: Comparison of conventional and CNSL-based resins by DSC
In contrast, the thermal activity of the S2501 resin is much lower; it is shown in de-
tail in Figure 4.7. S2501 exhibits two endotherms, each of approximately −15 mW g−1
magnitude, at 64 ◦C and 89 ◦C. These are followed by the gradual onset of a major
exotherm at 125 ◦C, which peaks at 177 ◦C with a magnitude of 70.1 mW g−1 and
continues until ∼218 ◦C. This represents a total enthalpy of 83.7 J g−1. At 218 ◦C, a
further exothermic event begins and continues beyond 250 ◦C.
At faster scan rates, each thermal event becomes shifted to a higher temperature
and its apparent magnitude is increased (Figure 4.8). At 15 ◦C min−1, the two en-
dotherms in S2501 were shifted by ∼10 ◦C and the exotherm did not reach its peak
before 220 ◦C. The exotherms visible in the early stages of cooling at scan rates greater
than 3 ◦C min−1 indicate that the major exothermic event had not reached completion
during the heating stage. Apart from these residual exotherms, S2501 exhibits no other
thermal activity upon cooling.
Although fast scan rates do not yield accurate information with regard to the precise
temperature at which thermal events occur, they are more sensitive to the occurrence
of weak events. The dashed line in Figure 4.9 shows the first derivative of the heat flux
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Figure 4.7: Dynamic DSC thermogram of S2501 resin at 3 ◦Cmin−1
Figure 4.8: Influence of heating rate on the DSC thermogram of S2501 resin
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trace from a scan performed on S2501 at 15 ◦C min−1. It has a shoulder at ∼133 ◦C,
which shows that the curing reaction actually occurs in two stages, the first beginning
at ∼119 ◦C, and the second at ∼138 ◦C. Given that the endothermic peaks were shifted
by ∼10 ◦C, it is likely that these two stages would be manifested at 109 ◦C and 128 ◦C
if they were visible in a scan at 3 ◦C min−1.
Figure 4.9: Dynamic DSC thermogram of S2501 resin at 15 ◦C min−1
The endothermic peaks observed in the dynamic DSC traces are attributed to the
melting points of the resins and of the various additives present within them (Sec-
tion 2.3.2). In particular, the peak at 64 ◦C in S2501 is the melt7 peak of the resin
itself, which was confirmed by DMA (Section 4.2.1.5). This is consistent with the melt-
ing of methylol phenol compounds, which occurs between 69 ◦C and 126 ◦C [371]. It
is likely that the long aliphatic side chain present in CNSL would reduce the melting
point of these compounds through steric hindrance in the same way that alkyl phenols
have a lower melting point than pure phenol [372]. J1506 melts at the slightly lower
temperature of 44 ◦C, which was confirmed by DMA.
It is likely that the peak at 89 ◦C in S2501 is caused by the melting of a zinc
stearate compound. These are used as release agents and to reduce the melt-viscosity
of moulding compounds [93, 373]. The presence of a such a compound with a melting
point in the region of 89 ◦C was confirmed by infrared spectroscopy (Section 4.2.1.1).
An endothermic event occurs at a similar temperature in J1506, but this is likely
to be caused by the heat of solution of the hardening agent HMTA as it dissolves into
the molten resin [95]. S2501 is a resole (not a novolak), hence it does not contain
HMTA [374].
The first derivative trace of S2501 indicates that the exothermic peak, which is a
consequence of the cure reaction, begins at ∼105 ◦C. However, the rate of cure increases
7See explanation of terminology in Section 4.2.1.
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significantly at 125 ◦C, which is just above the melting point of paraformaldehyde8
(120 ◦C), a common source of formaldehyde in solid phenolic resins [24, 94]. It reaches
its maximum rate at 152 ◦C.
This two-step onset was distinctly visible in the sample tested at 15 ◦C min−1 and is
attributed to the two-stage cure reaction in phenol–formaldehyde resins (Section 2.3.2).
Because S2501 is a resole (it contains an excess of formaldehyde), the majority of the
initial substitution stage occurs during resin production, hence the weakness of the
first exothermic ‘peak’ observed here.
In comparison, J1506, which is a novolak, exhibits two very distinct peaks at 133 ◦C
and 191 ◦C. The first peak is much narrower and more energetic than the second.
This is typical of the initial substitution stage, which (in a novolak) is much faster
than the second, condensation, stage. The extreme weakness of the first event on the
thermogram of S2501 indicates that it is a ‘B-stage’ resin with a relatively advanced
degree of cure. This is consistent with its solid physical form and short shelf-life [376].
J1506 is significantly more energetic than S2501: it releases 66% more energy than
S2501 as it cures, it has a much sharper onset of reaction at 121 ◦C, and it reacts at a
much faster rate. Furthermore, the peak of the curing reaction occurs at 133 ◦C, which
is 44 ◦C lower than that of S2501. The difference in chemical reactivity between the
two resins is clear from Figure 4.14.
When heated at rates faster than 3 ◦C min−1, the cure peak of S2501 becomes even
broader and the reaction does not reach completion by 220 ◦C, when thermal degrada-
tion begins (see below). The reaction rate of S2501 is incredibly slow in comparison
with other phenol–formaldehyde resins. This behaviour suggests that the reaction may
be controlled by the diffusion of the reactants rather than their chemistry alone; fur-
thermore, the rate of diffusion is impeded by the steric influence of the long aliphatic
side chain attached to the phenolic ring in CNSL.
The slow reaction rate of S2501 resin is ideal for cold mould manufacture because
the evolution of gasses, which can weaken and distort the composite, is much less
vigorous. This is a particular concern because the composite is not under pressure
when it is cured. Furthermore, there is less risk of a sudden, and uncontrollable reaction
occurring during the mixing process.
ii. Isothermal tests Isothermal data from samples of S2501 resin cured at
temperatures of 120–200 ◦C for 3 h are presented in Figure 4.10.
It is evident from this data that the rate of reaction increases significantly at tem-
peratures above 130 ◦C. Figure 4.11 shows the time taken for the cure peak to subside
to 5% of its maximum value. This represents the post-bake duration necessary for the
resin to become ∼95% cured. The rate of change of this plot is greatest between 130 ◦C
8The published composition of S2501 is ‘CNSL–Paraformaldehyde’ [375].
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Figure 4.10: 30 min isothermal DSC cure profile of S2501 resin at temperatures of 120–200 ◦C
in 10 ◦C increments (Inset: full 3 h profile)
and 140 ◦C. At 150 ◦C, the resin reaches 95% of its final (3 h) state in 63 min, but
by 180 ◦C this is reduced to 22 min. At higher temperatures, the decay time remains
practically constant.
Figure 4.11: Influence of isothermal cure temperature on DSC heat flux peak decay time
The total enthalpy of reaction for each sample is shown in Table 4.2. As the
isothermal cure temperature rises, the resin releases a greater quantity of heat, until
it reaches a limit value of ∼137 J g−1 at temperatures in the region of 180 ◦C. After
12 h at 180 ◦C, the enthalpy of reaction was measured to be 140 J g−1, which indicates
that the resin had achieved 98% cure after 3 h at the same temperature. This value
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was chosen to represent the total enthalpy of cure for a 100% reacted sample of resin
(∆HR) and was used to calculate the degree of conversion with respect to time (αt)
for the other samples. This data is presented in Figure 4.12.
Table 4.2: Reaction enthalpy of S2501 resin at various isothermal cure temperatures
Cure temperature Enthalpy of reaction
(◦C) (J g−1)
120 74.2
130 82.9
140 105
150 119
160 130
170 136
180 137
190 137
200 132
Figure 4.12: Influence of post-bake conditions on the cure of S2501 resin
The isothermal cure profile exhibits asymptotic behaviour with respect to time at
all of the temperatures investigated, but the asymptotic limit is reached more quickly
at the higher temperatures. Above 140 ◦C, the majority of cure is achieved within
the first 20 minutes of the reaction. In addition, the degree of cure reached after 3 h
increases considerably with respect to temperature. After 3 h at 120 ◦C, S2501 resin is
∼53% cured, whereas at 150 ◦C it is ∼85% cured. 93% cure is achieved by raising the
temperature to 160 ◦C.
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Although much slower than the conventional resin, isothermal analyses showed that
the reaction rate of S2501 resin increases significantly at temperatures above 140 ◦C.
Furthermore, it is able to achieve a higher degree of cure (i.e. a more densely cross-
linked network) at these temperatures. This is because the resin becomes vitrified
at low cure temperatures, i.e. the formation of cross-links causes the resin to enter a
glassy state in which molecular motion is virtually stopped. This impedes the ability
of reactive species to move into a position where they can react, so the resin is unable
to become fully cured.
Dynamic scans performed after each 3 h isotherm convey similar information. The
exothermic peaks visible in Figure 4.13 are attributed to the residual curing reaction.
The onset of each peak occurs as the temperature passes the previous isothermal cure
temperature, and its magnitude decreases accordingly.
Figure 4.13: Post-cure DSC profiles of S2501 resin (following the isothermal scans shown in
Figure 4.10 [previous cure temperature shown on right])
At ∼210 ◦C, the onset of thermal degradation is visible in the 120 ◦C sample, but
it becomes convoluted with the residual cure exotherm thereafter. In the 190–200 ◦C
samples, this cure peak is virtually non-existent and the exothermic onset can be
attributed almost entirely to thermal degradation.
These dynamic scans also exhibit a step decrease in heat capacity at ∼55 ◦C, which
grows in magnitude with respect to isothermal cure temperature, and a minor endother-
mic peak at ∼80 ◦C. The endotherm shifts from 82.4 ◦C to 79.5 ◦C as the isothermal
temperature increases from 120 ◦C to 200 ◦C.
The exothermic cure reaction of the CNSL-based resin, S2501, is compared with
that of the conventional resin, J1506, at 150 ◦C in Figure 4.14, which was the chosen
post-bake temperature for use in composite manufacture (see below). From this graph,
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it is clear that the conventional resin is considerably more reactive than the CNSL-
based one. The cure peak of J1506 subsides to 5% of its maximum value in 7.8 min,
whereas this takes 63 min in S2501.
Figure 4.14: Isothermal DSC cure profile comparison of S2501 and J1506 resins cured at
150 ◦C for 3 h
The exothermic peaks observed in the dynamic scans performed after each isother-
mal test confirm that further reaction takes place upon heating above the previous
isothermal cure temperature. The magnitude of these peaks decreases with respect to
cure temperature, indicating that the initial reaction proceeds to a greater extent at
higher temperatures.
The reaction rate asymptotes at ∼180 ◦C, which is approximately the same tem-
perature as the peak observed in the dynamic scan performed on virgin resin. This
indicates that the maximum reaction rate occurs at ∼180 ◦C; it is likely that the rate-
determining step is the relatively slow condensation reaction. At this temperature the
resin is able to achieve 100% cure.
However, it is not beneficial to cure the resin at its maximum rate because this
can cause it to shrink and become brittle [377]. Furthermore, it is uneconomical to
heat the resin to a higher temperature than necessary to initiate cure, and the rapid
exothermic release of heat can cause a dangerous runaway reaction when performed on
an industrial scale [107].
Fast reacting resins are desirable in the conventional manufacturing process be-
cause they reduce press cycle times. However, the absence of pressure during the cure
(post-bake) phase of the cold moulding process makes such resins unsuitable. This is
because the rapid evolution of gaseous reaction products would weaken the composite.
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Furthermore, it is critical that the resin is not cured during the cold mould mixing
process, which can generate temperatures in the region of 120 ◦C (Section 5.2.2.3).
In consideration of this data and that from the other tests discussed in this chapter,
it was decided to cure the resin at 150 ◦C throughout the rest of this research. At this
temperature, the rate of reaction is significantly above its minimum rate (Figures 4.11
and 4.12) to be economical without posing a safety risk to industrial manufacture.
It was shown in tribological tests (Section 7.2.2.1) that ∼70% resin cure was suffi-
cient to prevent adverse friction and wear performance of the composite. S2501 resin
achieves a 70% degree of cure in ∼50 min at 150 ◦C, but it was decided to cure the
resin for 3 h to provide a 20% safety margin (i.e. an 85% cure) and for compatibility
with the current manufacturing process.
B. Thermal decomposition The thermal decomposition of the two resins in at-
mospheres of nitrogen and air is shown in Figure 4.15. In nitrogen, S2501 exhibits an
exothermic peak of magnitude 520 mW g−1 at 328 ◦C, followed by a noisy endotherm
from 365 ◦C which peaks at 452 ◦C. The conventional resin exhibits an endotherm at
187 ◦C, followed immediately by an exotherm of magnitude 110 mW g−1 at 220 ◦C,
which are accompanied by a decrease in the heat capacity of the resin. Compared with
S2501, this resin remains relatively stable below 500 ◦C; it exhibits further exothermic
and endothermic events of just 20 mW g−1, at 374 ◦C and 437 ◦C, respectively.
In air, S2501 exhibits an additional exothermic peak of magnitude 1.02 W g−1 at
225 ◦C and an extremely violent exotherm at 405 ◦C. This noisey event continues until
∼452 ◦C, when a further exotherm begins. The conventional resin is much more stable,
it exhibits the same endo–exo event couple observed in nitrogen, after which its heat
capacity steadily decreases.
The second exothermic event, present at 218 ◦C on the thermogram of S2501 (Fig-
ure 4.6), indicates the onset of thermal decomposition. In J1506 this occurs at the
slightly lower temperature of 232 ◦C. The exothermic peak observed at 328 ◦C in S2501
is likely to be caused by the formation of additional cross-links, which is reported as the
first stage of decomposition in phenol–formaldehyde resins [112, 116]. The additional
peak at 225 ◦C in air is attributed to oxidation of the methylene bridges, which are the
most vulnerable parts of the molecular network [117, 378].
The exothermic peak at 220 ◦C in J1506 is that of the cure reaction, which has been
shifted to a higher temperature than previously observed by the faster scan rate of this
experiment. However, it is overlayed by an endotherm at 187 ◦C which is caused by
the evolution of water from the condensation reaction. This is why the cure analysis
experiments were performed in sealed crucibles. The small peak at 374 ◦C is attributed
to the formation of additional cross-links, which is followed by the second stage of
thermal degradation from 437 ◦C onwards.
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In air, all of these artefacts are dwarfed by the extreme magnitude of the exotherm
that occurs at 405 ◦C in S2501. This is attributed to the autoignition of gaseous pyrol-
ysis products and subsequent combustion of the resin when exposed to oxygen. It has
been suggested that the aliphatic component of CNSL acts as a fuel for combustion [85],
which would support the evidence shown here. In nitrogen, this event appears as an
endotherm caused by pyrolysis at the same temperature—it is attributed to the second
stage of decomposition: chain scission (which releases gaseous products) [112, 116, 117].
A similar pattern of events was observed in J1506, but these were of considerably lower
magnitude. No combustion was observed within the range investigated.
This has an important implication for the use of S2501 resin in friction materials,
since they are routinely exposed to temperatures much greater than 405 ◦C, although
the atmosphere is likely to be oxygen deficient at the braking interface. Furthermore,
it has been shown that the presence of metals, such as copper or iron, in a brake pad
can catalyse the decomposition of phenol–formaldehyde resins [379].
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(a)
(b)
Figure 4.15: DSC of S2501 and J1506 resins in (a) nitrogen, and (b) air
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4.2.1.3 Thermogravimetric Analysis
A. Cure analysis TGA data from S2501 and J1506 were used to support the
findings of DSC experiments. Dynamic tests were used to determine onset and endset
temperatures; isothermal tests were used to establish the rate of reaction.
i. Dynamic tests The thermogravimetric profiles of S2501 and J1506 in the
curing region are shown in Figure 4.16. The mass of S2501 remains practically constant
until 153 ◦C, when it begins to decrease, reaching a rate of −0.10% min−1 at 175 ◦C.
Thereafter, it continues to lose mass steadily at −0.07% min−1 until the rate increases
again at 225 ◦C.
J1506 exhibits several mass loss steps within the same temperature range. Peaks
are observed in the rate of mass loss at 43 ◦C and 93 ◦C, which correspond to mass loss
steps of 1.1% and 2.1%, respectively. Between 127 ◦C and 165 ◦C a further discrete
mass loss of 0.64% occurs, after which the sample continues to lose mass at a rate of
approximately −0.10% min−1.
Figure 4.16: TGA cure profile of S2501 and J1506 resins at 3 ◦C min−1 in nitrogen
The maximum rate of mass loss at 175 ◦C in S2501 coincides with the exothermic
peak observed at 177 ◦C in the DSC trace, indicating the maximum rate of cure. Sim-
ilarly, the TGA trace exhibits an increase in the rate of mass loss at 225 ◦C, which
corresponds with the onset of thermal degradation observed at 218 ◦C by DSC. The
small discrepancy is caused by the difference in measured properties, viz. heat and
mass flux (the latter is the effect caused by the former).
No mass losses are associated with the endothermic events that precede the cure of
S2501, but J1506 does exhibit step changes at 43 ◦C and 93 ◦C, which correspond with
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the endothermic events measured by DSC. The 1.1% mass loss at 43 ◦C is associated
with the release of volatile constituents as the resin melts (e.g. free phenol, formalde-
hyde or hydroxybenzyl phenol), which is consistent with the more reactive nature of
J1506. Similar results were reported by Burns and Orrell for conventional high-order
phenol–formaldehyde resins [95].
The 2.2% mass loss at 93 ◦C is likely to be caused by the evaporation of bound
moisture, since conventional phenolic resins (which, unlike CNSL, have no aliphatic
side chain) are hydrophillic. A small inflection occurs at 110 ◦C, which is possibly
caused by the release of formaldehyde as the HMTA component dissolves in the liquid
resin.
The first stage of cure in J1506 is observed between 127 ◦C and 165 ◦C by TGA,
which corresponds with the first exothermic peak observed by DSC. The associated
mass loss is relatively small because this stage predominantly involves substitution of
the phenolic ring, although a small quantity of ammonia is liberated from the HMTA
hardening agent. The second (condensation) stage occurs above 165 ◦C and is accom-
panied by the release of ammonia, formaldehyde, and water, which is evident as a
further, more significant, mass loss. A similar reaction occurs as S2501 cures, although
with the absence of ammonia, since it does not contain HMTA. However, there is no
evidence of the first stage of cure in S2501 because it is a resole, i.e. very little substi-
tution occurs. The mass losses associated with cure are consistent with those reported
in the Literature [96].
ii. Isothermal tests Isothermal TGA data for the cure of S2501 resin in nitro-
gen is presented in Figure 4.17. At 130 ◦C, the resin exhibits a mass loss of 1.0%, but
it continues to lose mass at a steady rate after 3 h. Between 150 ◦C and 200 ◦C, the
rate of mass loss with respect to time converges to zero, but this convergence is much
faster at the higher temperatures. At 150 ◦C, the rate of mass loss converges to zero
in 108 min, whereas at 200 ◦C this takes just 60 min.
Within the same temperature range, the total mass loss after 3 h tends towards a
limit of 2%, but this is exceeded as the temperature rises above 200 ◦C (Figure 4.18).
Below 210 ◦C, the mass loss observed in the isothermal traces of S2501 resin is
attributed to curing. The rate of mass loss and, hence, the rate of reaction increases
with respect to cure temperature. The greatest increase in rate occurs between 130 ◦C
and 150 ◦C.
The asymptotic behaviour of the traces indicates that the reaction has proceeded
as far as possible at each temperature investigated, but the lower total mass loss at
temperatures below 190 ◦C shows that the resin has become vitrified before achieving
100% cure. The total mass losses of the samples cured at 150 ◦C and 170 ◦C represent
approximately 80% and 90% of the mass loss at 190 ◦C, respectively. Hence, after 3 h
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Figure 4.17: Isothermal TGA of S2501 resin in nitrogen
Figure 4.18: Total mass loss of S2501 resin after isothermal TGA
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at 150 ◦C, S2501 resin is ∼80% cured. This corresponds well with the figure of ∼85%
calculated from DSC measurements. Furthermore, the TGA data shows that, at 150 ◦C,
the majority of the reaction is complete within ∼110 min, which also corresponds well
with the DSC data (Figure 4.12).
The increase in mass loss at temperatures above 200 ◦C is attributed to thermal
decomposition.
B. Thermal decomposition Above 250 ◦C, both resins exhibit much more signif-
icant mass loss steps (Figure 4.19). S2501 loses a further 88% of its mass in two stages
that begin at ∼316 ◦C and ∼422 ◦C, whereas J1506 loses an additional 37% mass in a
single stage between 402 ◦C and 633 ◦C.
In air, the thermal decomposition of J1506 is absolute. It exhibits a gradual onset
of mass loss which begins at ∼354 ◦C and reaches its maximum rate at 611 ◦C. In
contrast, the mass of S2501 is preserved until 391 ◦C, when it exhibits a very sharp
mass loss of 5.7%, followed by two further mass loss steps of 62% and 23% at 417 ◦C
and 481 ◦C, respectively. There is no residual mass.
The same test performed at 3 ◦C min−1 reveals that the sharp mass loss step rep-
resents 28% of the sample mass (Figure 4.20). Afterwards, it remains constant for a
short period before the second major mass loss step begins.
The mass loss steps that occur above 300 ◦C are associated with significant ther-
mal decomposition (Figure 4.19). S2501 is much less thermally stable than J1506; in
nitrogen, pyrolysis of S2501 begins at 316 ◦C, whereas the onset is delayed until 402 ◦C
in J1506.
The initial 18% mass loss of S2501 reaches its maximum rate at 348 ◦C, which corre-
sponds with the broad exothermic peak observed at 328 ◦C by DSC. This is attributed
to the formation of additional cross-links by complex chemical reactions and the sub-
sequent release of gaseous reaction products (phenol and cresol), which is reported as
the first stage of degradation for a phenol–formaldehyde resin [112, 123].
The second stage of degradation involves chain scission, in which the cross-links
break down to yield further gaseous products and leave a char composed mainly of
cyclic benzene compounds [112]. This stage is evident as the major mass loss step
and DSC endotherm from ∼370 ◦C, but the pyrolysis of S2501 leaves no residue. The
reason for this is unknown, but the reaction mechanisms of pyrolysis are not well
understood [116], although it has been shown that the presence of alkyl side groups
(such as the aliphatic chain in CNSL) can have a significant effect on the mechanism
of chain scission [120].
Similar behaviour is evident in J1506, although it does leave a considerable (54%)
quantity of char.
The absence of a charred deposit in S2501 is potentially significant for its friction
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and wear performance since it has been reported that the formation of such char
insulates the remaining bulk of a phenolic composite from further decomposition [24].
Furthermore, the carbon ring compounds present in this char possess relatively high
mechanical strength and hardness at elevated temperatures [380].
In air, the mass of both resins persists to a higher temperature before rapid de-
cay; this phenomenon is particularly apparent in S2501. This is consistent with the
oxidation of methylene bridges (and other components) competing with the previously
described first stage of pyrolysis and the endothermic peak observed at 225 ◦C by DSC.
The sharp mass loss observed at 391 ◦C is attributed to the autoignition and com-
bustion of S2501 resin. By heating at a slower rate of 3 ◦C min−1 this effect was de-
convoluted from the subsequent mass loss step to reveal that it represents ∼28% of
the sample mass. This indicates that combustion of the side chain—the most likely
cause of this phenomenon—maybe incomplete, since it accounts for ∼60% of the mass
of CNSL9.
9It is not known precisely how long this chain is in S2501 resin.
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(a)
(b)
Figure 4.19: TGA of S2501 and J1506 resins at 10 ◦C min−1 in (a) nitrogen, and (b) air
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Figure 4.20: TGA of S2501 resin at 3 ◦C min−1 in air
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4.2.1.4 Thermomechanical Analysis
A. Virgin resin The dimensional changes of each resin with respect to temperature
were measured by TMA. Figure 4.21 shows the response of the uncured resins in the
range 30–300 ◦C.
Figure 4.21: Comparison of uncured conventional and CNSL-based resins by TMA
S2501 softens in 3 stages: 30–70 ◦C (−19%), 70–93 ◦C (−14%), and 93–141 ◦C
(−41%), such that its minimum length is just 18% of the initial value. Between 141 ◦C
and 190 ◦C, S2501 recovers to 66% of its original length. It then contracts by ∼1.4%
as the temperature rises to 228 ◦C, but recovers this loss by the end of the test.
J1506 softens in 2 stages: 45–88 ◦C (−31%) and 88–131 ◦C (−39%); its minimum
length is 30% of its initial value. Between 131 ◦C and 141 ◦C, J1506 recovers 6% of
its length and then remains approximately constant until ∼181 ◦C, when its rate of
recovery increases. This continues until ∼210 ◦C before settling at a constant value of
47% of the initial length. However, it does exhibit a sharp expansion peak at 215 ◦C.
The apparent contraction of the uncured resins when measured by TMA is at-
tributed to their softening and subsequent melting10 as the temperature rises. From
30 ◦C both resins soften at a similar rate, although they do so in several stages. After
each stage, the rate of dimensional change with respect temperature increases. These
stages are attributed to the melting of individual components within the resin. The
temperature at which each step occurs coincides with endothermic melting peaks on
the DSC thermogram and, in the case of J1506, with mass loss steps observed by TGA
(Figures 4.6 and 4.16). Although the exact composition of the samples is unknown, it
10See explanation of terminology in Section 4.2.1.
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is common for such commercial resins to contain additives such as catalysts, pH modi-
fiers, viscosity modifiers, and a source of formaldehyde (Section 2.3.2). S2501 exhibits
a greater dimensional change than J1506, which is indicative of a lower melt viscosity.
It also has a higher melting point. This was confirmed by DMA (Section 4.2.1.5).
The subsequent length recovery after melting is attributed to the curing reaction,
which releases gas and therefore causes the resin to expand. J1506 exhibits a smaller
recovery than S2501, which suggests that either the gas escapes more readily or the
resin stiffens more quickly as a result of curing and therefore suppresses the expansion.
It is evident from the TGA data that both resins evolve a similar volume of gas as they
cure, albeit over different periods of time (Figure 4.16), and from DMA that J1506 is
much more stiff than S2501 (Figure 4.33). In J1506, the initial recovery is small and
fast, which corresponds with the small and rapid evolution of gas during the first stage
of cure. Similarly, the length recovery of S2501 occurs at a much slower rate, consistent
with the slower rate of the condensation reaction that occurs in this resin.
The larger second length recovery in J1506 from 181 ◦C to ∼210 ◦C is attributed to
the second stage of reaction in which methylol phenol compounds condense to form a
cross-linked network; it corresponds with the second exothermic peak in the DSC ther-
mogram at ∼191 ◦C. The conversion of dimethyleneamino bridges to methylene bridges
in the cross-linked network (Section 2.3.2), with the subsequent release of ammonia gas
also occurs at temperatures above 180 ◦C [96].
The spike observed in the data at 215 ◦C is likely to be an artefact caused by the
sudden release of this gas. Similar spikes were observed in other samples within the
same temperature range, but the exact temperature was not consistent.
In general, the melting and curing processes occur over a wider temperature range
in S2501, which indicates that it has lower chemical reactivity than J1506. It is likely
that steric hindrance from the bulky alkyl side chain in the CNSL-based resin has
an influence on its reactivity. Similar conclusions were drawn from DSC and TGA
measurements (Sections 4.2.1.2 and 4.2.1.3).
B. Cured resin Once cured, the dimensional behaviour of S2501 is much more
stable. Figure 4.22 shows its response after isothermal curing at 150 ◦C for 3–24 h.
The samples cured for 3–6 h soften slightly upon heating, although this effect is less
pronounced in the 6 h sample—it contracts by 0.2% between 30 ◦C and 60 ◦C. There-
after, these samples remain stable until ∼150 ◦C, when they begin to soften further
(a similar effect is observed in the 12 h sample). At ∼224 ◦C they exhibit a partial
recovery from this softening.
In contrast, the samples cured for 12–24 h expand upon heating. Initially, both
samples expand at the same rate, but the 12 h sample exhibits an inflection between
47 ◦C and 81 ◦C then reaches a peak of 1.2% at 158 ◦C. The 24 h sample continues to
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Figure 4.22: TMA thermogram of cured S2501 resin
expand steadily until it reaches a peak of 3.0% at 192 ◦C and then begins to contract.
Between 250 ◦C and 270 ◦C all samples begin to contract; this occurs at the higher
end of the range for the least cured samples.
At low temperatures, the conventional resin J1506 exhibits even greater dimensional
stability than S2501; the 3 h sample contracts by just 0.3% between 30 ◦C and 150 ◦C
(Figure 4.23). However, as the temperature rises from 150 ◦C to 250 ◦C, it contracts by
a further 6%, which is more than twice as great as any dimensional change observed
in S2501. The 24 h sample exhibits better dimensional stability; it expands by 0.5%
between 30 ◦C and 170 ◦C, then contracts by 3% between 170 ◦C and 270 ◦C.
Above 270 ◦C, the length of both resin samples remains stable until ∼400 ◦C (Fig-
ure 4.24). At this temperature, the conventional resin begins a 40% expansion that
peaks at 513 ◦C before sharply contracting by 123% in the range 513–550 ◦C. It then
remains stable at 11% of its initial length until the end of the test.
In contrast, S2501 exhibits a very sharp expansion of ∼400% beginning at 395 ◦C.
This continues until ∼424 ◦C, when it begins an equally sharp contraction back to 32%
of its initial length in the range 424–470 ◦C. It then continues to contract slowly until
the end of the test.
DSC and TGA data showed that the cure of S2501 after 3 h at 150 ◦C was 80–85%
complete, and that 100% cure could only be achieved by increasing the temperature;
these observations are supported by the TMA measurements. The dimensional be-
haviour of post-baked S2501 resin (Figure 4.22) is attributed to the softening (and
subsequent cure) of the un-cured portion and thermal expansion of the cured portion.
The two phenomena are competing effects, so the observed changes in dimensional
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Figure 4.23: Comparison of cured conventional and CNSL-based resins by TMA
Figure 4.24: Thermal decomposition behaviour of S2501 and J1506 resins by TMA
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behaviour with respect to post-bake duration reflect their relative dominance.
The cure reaction of S2501 becomes so slow in its later stages that it requires a post-
bake duration of the order of 1 day to reach completion at 150 ◦C (Section 4.2.1.5, Fig-
ure 4.34). However, the fully cured resin is highly cross-linked, which is why it exhibits
no glass transition. The partially cured resin does exhibit a weak glass transition—
manifested as a step change in thermal expansion—at 81 ◦C in the 12 h sample, but in
the 3 h and 6 h samples this is masked by the effect of softening.
As the temperature rises above 150 ◦C (the isothermal post-bake temperature of
these ‘cured’ samples), the resin contracts by ∼1.4%. This is attributed to the for-
mation of further cross-links as the resin devitrifies. It is common for cross-linked
systems to contract as they cure because the cross-links pull the polymer chains closer
together [96]. By this stage, the rate of reaction has slowed significantly11, so the com-
peting effect of expansion caused by gas evolution is overwhelmed by the strength of
the new cross-links. The same phenomenon was observed during tests on the virgin
resin after the initial expansion had subsided.
J1506 exhibits similar behaviour, although the magnitudes and onset temperatures
of the softening and expansion phenomena are markedly different. The 24 h sample of
this resin expands more and contracts less than the 3 h sample, which indicates that it
has achieved a higher degree of cure. Overall, it exhibits greater dimensional stability
than S2501, which increases the likelihood of temperature-induced less stresses forming
between the matrix and reinforcements of a composite made with it. Nonetheless, both
resins have excellent thermal stability within the range 30 ◦C to 390 ◦C.
However, significant deformation occurs as a result of thermal degradation at tem-
peratures above 390 ◦C. In J1506, this is manifested as a gradual expansion prior to
decomposition, but in S2501 the event is much more violent and has a very sudden on-
set. The decomposition products of S2501 ignite at 395 ◦C, causing it to combust. This
has a significant implication for its use in RURT brake pads, since the upper tempera-
ture limit for these materials is 400 ◦C [12]. Furthermore, this refers to a measurement
of the bulk brake disc temperature, whereas local temperatures at the braking interface
will be much higher.
Nonetheless, a similar phenomenon is observed in the conventional resin (which is
used in the current market friction material), although the onset is delayed by approx-
imately 110 ◦C and the event is not as violent. Once this degradation step is complete,
J1506 retains 11% of its initial length—which is attributed to the presence of carbona-
ceous char—whereas in S2501 the degradation is absolute. Both of these results are
consistent with those of the TGA experiments, which showed that the degradation of
S2501 does not produce char.
11At the start of this experiment the least cured sample had already reached 85% conversion after
3 h at 150 ◦C.
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4.2.1.5 Dynamic Mechanical Analysis
A. Viscosity profile The stress–strain behaviour of virgin and cured S2501 resin
is shown in Figure 4.25. There is some noise in the data at stresses below 10 Pa, which
is close to the limit of resolution for the AR2000 instrument used, but apart from
this, the traces for both samples are linear. J1506 exhibited similar behaviour. Based
on these results, it was decided to use a strain amplitude of 0.1% and an oscillatory
frequency of 1 Hz for all further tests.
Figure 4.25: Stress–strain behaviour of virgin and cured S2501 resin
The viscosity profile of the CNSL-based resin (S2501) is compared with that of the
conventional resin (J1506) in Figure 4.26. The viscosity of J1506 remains constant at
∼120 MPa s until 46 ◦C, when it begins to fall rapidly. It reaches a minimum value
of 321 Pa s at 116 ◦C, but remains within 5% of this value between 114 and 117 ◦C.
Thereafter, it increases at a maximum rate of 0.154 log(Pa s) ◦C−1 until 141 ◦C, when
the rate slows to 0.011 log(Pa s) ◦C−1. The viscosity reaches a maximum of ∼7.5 MPa
at 227 ◦C and remains approximately constant for the remainder of the test.
In contrast, the viscosity of S2501 resin begins to fall well below room temperature.
At 18 ◦C it has a value of 3.84 MPa s, which is more than two orders of magnitude
lower than that of J1506. From 65 ◦C, the viscosity falls more rapidly (reaching its
maximum rate at 90 ◦C) until 144 ◦C when it reaches its minimum value of 22.0 Pa s.
The viscosity remains within 5% of this value between 141 and 146 ◦C, and thereafter
increases at a maximum rate of 0.106 log(Pa s) ◦C−1, which is 31% slower than that of
J1506. The rate of viscosity increase slows from 179 ◦C until it reaches a constant value
of 0.010 log(Pa s) ◦C−1 at 220 ◦C. The viscosity continues to rise at this rate until the
end of the test, at which point it has a value of 837 kPa s, which is 12% lower than
that of J1506.
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Figure 4.26: Viscosity profile comparison of S2501 and J1506 resins
Figure 4.27 shows the same dynamic test performed on S2501 resin at a range of
oscillatory frequencies from 0.1 Hz to 10 Hz, which correspond to maximum average
shear rates of 3.64–364 s−1. It is clear that, in its uncured visco-elastic solid state, the
resin exhibits ‘shear thinning’ behaviour, i.e. its viscosity is inversely proportional to
the applied shear rate. The same phenomenon is evident in the cured resin.
Figure 4.27: Frequency dependence of S2501 resin viscosity
At 20 ◦C, the viscosity of S2501 is reduced from 31.8 MPa s to 54.4 kPa s as the
oscillatory frequency is increased from 0.1 Hz to 10 Hz. Although this represents a de-
crease of three orders of magnitude, the resin is still extremely viscous in this state (for
reference, the room temperature viscosity of bitumen is approximately 10 kPa s [381]).
At low temperatures, the viscosity of the CNSL-based resin is considerably lower
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than that of the conventional resin, which is essentially solid12. This makes it more
suitable for cold moulding because it must be forced to flow during mixing without
the application of external heat. At 18 ◦C, S2501 is still extremely viscous (3.84 MPa s
[1 Hz]), but its viscosity decreases steadily as the temperature rises, unlike that of
J1506, which remains approximately constant until 46 ◦C, when it melts.
The melting13 ‘point’ of S2501 occurs at ∼65 ◦C, but the onset is not sharp, which
indicates that it contains many components, or a variety of different length oligomers.
For successful mixing, the temperature in the mixing chamber should be raised above
65 ◦C so that the resin can wet the other composite ingredients.
The viscosity of S2501 was also shown to be shear rate dependent: it decreases as
the shear rate increases, particularly at low temperatures. This is especially important
for cold moulding because the mixing process depends on high shear rates to blend
the ingredients together. The collapse of this shear rate dependence at temperatures
in the range 65–144 ◦C is a further indication that the resin has melted.
The minimum melt viscosity of S2501 occurs at ∼144 ◦C. Above this temperature,
its viscosity starts to increase as the effect of cure overwhelms the decreasing viscosity–
temperature relationship. For this reason, it is important that the temperature remains
well below 144 ◦C during the mixing stage of manufacture. It was observed during
mixing trials (Section 5.2.2.3) that the temperature could reach ∼120 ◦C, which would
make the conventional resin unsuitable, since it begins to cure at 116 ◦C.
It is evident from the width of the peaks in each viscosity profile that J1506 cures
at a much faster rate than S2501. Furthermore, J1506 exhibits two stages of cure:
117–141 ◦C and 141–227 ◦C, which is consistent with the observations made by DSC,
TGA, and TMA. The rate of cure of S2501 begins to tail off at ∼179 ◦C, which is also
consistent with other observations. At 220 ◦C it exhibits a further increase in viscosity,
which is attributed to the onset of thermal degradation.
B. Visco-elastic response The visco-elastic response of S2501 and J1506 resins
were measured as a function of cure. In addition, isothermal tests on S2501 were used
to establish the degree of cure with respect to time and temperature.
i. Dynamic tests The visco-elastic response of S2501 at 1 Hz over the same
temperature range is presented in Figure 4.28. The resin softens from the very begin-
ning of the test (which is at −30 ◦C), but the rate of softening increases significantly as
the temperature rises beyond 70 ◦C, indicated by the onset of decay in both the storage
and loss moduli. The shoulder in the tan δ trace at 90 ◦C indicates the point at which
this decay reaches its maximum rate. Tan δ peaks at a value of 7.88 at 129 ◦C and then
12The observed measurement is at the limit of resolution for the rheometer used.
13See explanation of terminology in Section 4.2.1.
129
Chapter 4
falls rapidly, reaching its maximum rate at 152 ◦C and tailing off from ∼180 ◦C. At
225 ◦C it begins to rise once more towards a peak of 0.044 at 279 ◦C.
Figure 4.28: Visco-elastic response profile of S2501 resin
The storage and loss moduli reach their minimum values at 137 ◦C and 144 ◦C,
respectively. At 153 ◦C the increasing moduli traces cross over, such that tan δ = 1.
At ∼178 ◦C the loss modulus reaches a constant value of ∼24 kPa, whereas the storage
modulus continues to rise at a constant rate of 0.010 log(Pa) ◦C−1 until the end of the
test, when it has a value of 5.26 MPa. From ∼224 ◦C the loss modulus begins to rise
once more at a rate of 0.015 log(Pa) ◦C−1 until the end of the test.
The visco-elastic behaviour of the conventional resin J1506 is significantly different
(Figure 4.29). The initial storage modulus of this material is 740 MPa, which is more
than an order of magnitude greater than that of S2501 (27 MPa) at the same temper-
ature. It does not begin to soften until ∼42 ◦C, when the loss modulus reaches a peak
value of 99 MPa.
The tan δ trace exhibits a broad shoulder at ∼60 ◦C, which has its minimum rate
of change at 88 ◦C, before rising to a sharp peak of magnitude 5.48 at 112 ◦C. It then
falls rapidly to a value of 0.572 at 129 ◦C before peaking once more at 144 ◦C (1.20).
This double peak is a consequence of multiple crossings of the storage and loss moduli
at 123 ◦C, 138 ◦C and 152 ◦C.
After this final crossing, both moduli continue to rise at a slower, but approximately
constant rate until the loss modulus begins to decay at 219 ◦C, and the storage modulus
reaches a plateau at 228 ◦C.
Tan δ exhibits a gentle shoulder at 191 ◦C before it approaches a constant value of
0.167 from ∼241 ◦C. Towards 300 ◦C it begins to decay once more.
The tan δ trace of S2501 initially rises with respect to temperature, which is con-
sistent with the increased damping of the resin as it softens and melts. Tan δ exhibits
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Figure 4.29: Visco-elastic response profile of J1506 resin
a shoulder at ∼93 ◦C, which corresponds with an endothermic peak measured by DSC
and is attributed to the melting point of a component within the resin. At 129 ◦C,
tan δ reaches a peak as the resin begins to cure; the formation of cross-links stiffens
the material and increases its elasticity.
The increasing moduli traces cross over at 153 ◦C, such that tan δ = 1. This is the
‘gel point,’ when the molecular weight of the cross-linked network diverges to infinity
(Section 2.3.2). The gel point has critical importance for the manufacture of friction
composites since the resin cannot be moulded once it has passed this point—it becomes
infusible.
The loss modulus begins to tail off at 178 ◦C and reaches a constant value of 24 kPa s
at ∼210 ◦C, which indicates that the reaction has finished. At this temperature, the
modulus of the resin is lower than that of the virgin resin at room temperature. This
is attributed to the effect of softening at elevated temperature and the formation of
bubbles within the resin as it cures. The latter influence was unavoidable, but the
results are comparative between samples.
The increase in modulus from 224 ◦C is attributed to the formation of additional
cross-links during the first stage of thermal degradation.
In comparison, the tan δ trace of J1506 rises at a much faster rate than S2501,
which indicates that it has a more uniform composition (i.e. it melts over a narrower
range). In particular, it has no aliphatic side chain like S2501 and, because it is a
novolak, the initial substitution reaction is complete until further cure is initiated (e.g.
by HMTA). This means that the majority of the phenolic rings will be substituted to
the same extent.
The storage modulus of J1506, which represents its viscous component, exhibits a
peak at 42 ◦C, which coincides with the endothermic melt peak observed by DSC, a
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1.1% mass loss observed by TGA, and a 31% softening observed by TMA at the same
temperature.
The tan δ trace appears to plateau in the region of 80 ◦C but then increases sharply
again to reach a peak at 112 ◦C. This behaviour is attributed to the dissolution of
HMTA within the liquid resin. Once complete, the resin begins to cure rapidly. Ini-
tially, tan δ falls sharply; this is attributed to the small but rapid evolution of gas
during the first stage of cure. Out-gassing increases the elasticity of the resin because
deformation forces act to compress pockets of gas trapped within a cellular matrix.
These tend to restore the imposed deformation once the stress is released.
As the resin cures, it becomes more rigid, initially damping this restorative action
and causing a second peak in tan δ at 144 ◦C. Upon further cure, the resin becomes
stiff and elastic, so tan δ decreases once more.
The storage modulus reaches a near constant value at ∼219 ◦C, when the reaction
is complete, but the subsequent increase observed in S2501 does not occur in this resin,
possibly indicating that it is more thermally stable.
ii. Isothermal tests During manufacturing trials it was established that the
temperature reached during mixing was ∼100 ◦C. The effect of maintaining the S2501
resin at isothermal temperatures of a similar magnitude for 1 h is shown in Figure 4.30.
1 h is approximately 3× longer than the total mixing cycle for a 250 kg batch of
material.
At temperatures of 100 ◦C and below, there is no appreciable change in the modulus
of the resin, but at 110 ◦C it increases by ∼3× from 3.2 kPa to 10 kPa. At 130 ◦C, the
modulus increases by 150× in 1 h.
Figure 4.30: Effect of typical composite mixing temperatures on S2501 resin
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The gel point was determined from the crossing point of the storage and loss moduli
(i.e. where tan δ = 1). The time taken to reach this point is shown in Table 4.3.
Table 4.3: Gel time of S2501 resin at various isothermal cure temperatures
Cure temperature Gel time
(◦C) (min)
110 > 60
120 50
130 22
140 10
150 6.1
160 4.6
170 < 1.0
Figure 4.31 shows the results of a dynamic temperature scan performed after curing
S2501 resin isothermally at temperatures of 120–200 ◦C for a period of 3 h, which is
the standard post-bake duration for friction composites. The initial moduli of all the
samples are approximately the same, but those that were cured at lower temperatures
exhibit the greatest changes in their visco-elastic properties as the test progresses.
There is a direct correlation between the magnitude of modulus decay and the isother-
mal cure temperature. The same trend exists with respect to the height of the tan δ
peak. The modulus of the samples which have softened is eventually restored as the
temperature rises, although there is a 75% difference between the modulus of the sam-
ple cured at 120 ◦C (2.47 MPa) and that cured at 200 ◦C (9.02 MPa) after the test.
Figure 4.31: Visco-elastic response of S2501 resin after 3 h isothermal cure at 120–200 ◦C
At cure temperatures of 170–200 ◦C, the resin softens very little and the maximum
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difference between the shear modulus of these samples does not exceed 15% throughout
the test.
At 50 ◦C, there is considerable difference between the tan δ trace of each sample.
Those that were cured at the lowest temperatures exhibited the greatest damping
behaviour.
The temperature at which the peak value of tan δ occurs also shifts with respect to
cure temperature, as shown in Table 4.4. Initially, the peak temperature rises, but at
cure temperatures above 150 ◦C the trend is reversed. Furthermore, the height of the
peak decreases by 8× as the cure temperature increases from 120 ◦C to 200 ◦C, and its
breadth increases substantially.
The samples cured at temperatures of 120–140 ◦C also exhibit a second peak in tan δ
as the temperature rises. In addition, all of the samples cured below 170 ◦C exhibit a
trough in their respective tan δ traces at ∼225 ◦C.
The difference in magnitude between the tan δ traces of the samples cured at 180 ◦C
and above never exceeds 20%.
Table 4.4: Effect of isothermal cure temperature on tan δ peak
Cure Tan δ peak
temperature Temperature Magnitude
(◦C) (◦C)
120 101 0.724
130 106 0.409
140 102 0.256
150 99.5 0.197
160 96.3 0.153
170 86.6 0.117
180 92.3 0.104
190 83.8 0.093
200 85.2 0.090
From this and other tests (Sections 4.2.1.2 and 5.2.5.1) it was established that the
resin would be cured at 150 ◦C for the rest of this research. Samples of S2501 resin were
then held at 150 ◦C for periods of 5 min to 24 h to determine the necessary post-bake
duration. Figure 4.32 shows the results of dynamic oscillatory scans performed after
each isothermal test.
Upon reheating, the samples baked for the least time softened considerably. There
is a direct correlation between the magnitude of modulus decay and the duration of
cure. Similar trends are observed with respect to both initial modulus (at 50 ◦C)
and tan δ peak height. All of the samples exhibited some restoration of modulus as
the temperature rose, but this was most significant in those cured for less than 3 h.
134
Raw Material Analysis
Figure 4.32: Visco-elastic response of S2501 resin after 150 ◦C isothermal cure for 5 min–24 h
Nonetheless, the initial modulus had not reached a constant value after 24 h.
The initial modulus values and peak heights of the tan δ function follow a logarith-
mic trend with respect to the duration of cure. In addition, the temperature at which
the tan δ peak occurs shifts with respect to post-bake duration in a similar manner to
that with respect to temperature (Table 4.5).
The samples cured for less than 3 h exhibit a shoulder in their tan δ traces at
temperatures above 150 ◦C, which decreases with respect to the duration of cure; they
also exhibit a significant trough at 225 ◦C. The sample cured for 5 min also exhibits a
second peak at ∼107 ◦C which overlaps with the first at 92 ◦C.
Table 4.5: Effect of cure duration at 150 ◦C on tan δ peak
Cure Tan δ peak
duration Temperature Magnitude
(min) (◦C)
5 91.6 1.63
10 91.7 1.12
20 98.2 0.750
40 104 0.406
80 99.5 0.281
180 99.5 0.197
360 94.0 0.138
720 80.1 0.095
1440 77.7 0.080
From this and other tests (Sections 4.2.1.2 and 5.2.5.1) it was established that the
resin would be cured for 3 h for the remainder of this research. Figure 4.33 compares
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the curing behaviour of S2501 with the conventional resin J1506, which is also cured
at 150 ◦C for 3 h during manufacture.
Figure 4.33: 3 h isothermal cure profile of S2501 and J1506 resins at 150 ◦C
The elastic moduli of the conventional resin increase at a maximum rate of
0.606 log(Pa) min−1, which is twice as fast as those of S2501. The intersection of the
storage and loss moduli traces, which indicates the gel point, occurs at 3 min 5 s,
whereas the same does not occur in S2501 until 6 min 8 s.
After 3 h, the storage modulus of J1506 is 52 MPa, but it reaches 90% of this value
within 80 min. In contrast, the storage modulus of S2501 is 2.2 MPa after 3 h and it
takes 2 h 45 min to reach 90% of this value. In short, the modulus of S2501 is still
increasing after 3 h, whereas that of J1506 is ostensibly constant.
The tan δ function of S2501 decreases more rapidly than that of J1506 at first and
then settles at a value of ∼0.10, although it does exhibit a very minor peak at 64 ◦C.
In contrast, the tan δ function of J1506 is still decreasing after 3 h, at which point it
has a value of ∼0.05
When cured for 24 h at 150 ◦C, the storage modulus of J1506 increases by a further
15%, whereas its loss modulus exhibits a 30% decrease (Figure 4.34). In contrast, the
storage modulus of S2501 increases by 10×, and its loss modulus increases by 6.5×.
However, in logarithmic terms, both moduli have reached ∼90% of their fully cured
value after 3 h.
The tan δ function of both resins decreases by ∼50% over the same period.
From the isothermal tests it was shown that, below 110 ◦C, the modulus of S2501
resin does not change with respect to time. However, at 110 ◦C, the modulus exhibits a
3-fold increase in 1 h, which indicates the onset of the cure reaction. Nonetheless, the
reaction rate does not increase significantly until 130 ◦C, when the gel time is reduced
to 22 min. This is approximately the time it takes to produce an industrial scale batch
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Figure 4.34: 24 h isothermal cure profile of S2501 and J1506 resins at 150 ◦C
of friction composite, so it is important that the material is kept below 130 ◦C during
manufacture.
After 3 h at 120 ◦C, S2501 exhibits a bimodal tan δ trace with a peak at 101 ◦C and
a shoulder at 178 ◦C (Figure 4.31). The peak is attributed to the glass transition of this
partially cured resin. As the temperature is raised above 120 ◦C, it devitrifies and the
cure reaction continues, giving rise to the shoulder. Similar behaviour is observed in
samples cured at 130 ◦C and 140 ◦C, with progressively higher shoulder temperatures
consistent with the higher degree of cure of these samples. The sample cured at 150 ◦C
is the first in the series not to exhibit any evidence of vitrification/devitrification.
The strength of the tan δ peak decreases significantly with respect to increasing
cure temperature. This is attributed to the greater number of cross-links that form
at each higher temperatures; these restrict molecular motion to such an extent that
there is no point at which the polymer units are able to appreciably slip past each
other, i.e. there is no glass transition. This is also why the apparent glass transition
temperature decreases with respect to cure: it is not a true glass transition, merely
a gradual softening. It is common for highly cross-linked polymers to exhibit such
behaviour [382].
Similarly, the magnitude of the softening peak in the complex shear modulus of
each sample decreases as the cure temperature increases, although the difference in
behaviour between the 170–200 ◦C samples is minimal. This is a further indication
that the cure reaction is able to reach practical completion at temperatures of 170 ◦C
and above and confirms the observations made by DSC and TGA measurements. Below
150 ◦C, the peak exhibits a plateau before the onset of stiffening at high temperatures,
which is a further indication that the resin becomes vitrified when cured below 150 ◦C.
There is a trade-off between the achievable degree of cure and the cost of post-baking
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at high temperatures. It was decided to post-bake the resin at 150 ◦C because this is
the lowest temperature at which it does not appear to vitrify (i.e. there is sufficient
energy available for the resin to achieve a complete cure). Thus, if further cure is
necessary, it can simply be post-baked for longer. In addition, the rate of reaction
at this temperature was appreciable, but not so rapid as to cause violent out-gassing
(which would weaken a composite) or a runaway reaction on an industrial scale.
By post-baking S2501 resin at 150 ◦C for up to 24 h it was found that 3 h was
the minimum length of time required for the resin to achieve a ‘complete’ cure. When
baked for less than 3 h, the characteristic shoulder peak associated with residual cure
became visible once the resin was subsequently heated above 150 ◦C. The magnitude
of this shoulder was decreased, and its appearance was shifted to higher temperatures
as the duration, and therefore, degree, of cure was increased.
The tan δ profile of the 5 min sample was slightly different. It is interpreted as
follows: the peak at 92 ◦C is associated with full melting of the uncured portion,
followed by the glass transition of the cured portion and the onset of further cure at
∼120 ◦C. No shoulder peak is visible in this sample because it was not cured for long
enough to become vitrified; at 150 ◦C the gel time of the resin is ∼6 min.
Subsequently, the tan δ profiles of each sample follow a diminishing trend as the
duration of cure is increased. This trend shows that the resin continues to cure after
3 hours have elapsed, although the difference between these samples is smaller. After
24 h, the modulus is practically the same as it was after 12 h, and has a similar value
to the (100% cured) sample cured at 200 ◦C for 3 h. This indicates that the reaction
has reached completion and implies that, at 150 ◦C, the resin does not become vitrified
into a lower state of cure than that of the fully cross-linked material i.e. the reaction
proceeds along the Tg∞ line in Figure 2.13.
The trough in the tan δ trace observed at ∼220 ◦C, which is associated with the
onset of thermal degradation, does not appear in the samples cured for longer than 6 h,
either because their greater extent of cure makes them more resistant to degradation or
(more likely) because the stiffness of the sample is close to the upper limit of resolution
of the AR2000 instrument used.
Compared with J1506, S2501 is considerably less reactive. It was shown that the
gel time of J1506 is 3 min 15 s, whereas that of S2501 is ∼6 min. It is important that
the reaction does not proceed too quickly because the composite must not be deformed
or weakened by the evolution of gaseous reaction products, nor should embrittled by
excessive reaction speed.
After 64 min, a minor peak is observed in the tan δ trace of S2501, which indicates
that the resin does, in fact, vitrify at 150 ◦C. However, the trends observed in both the
modulus and tan δ traces show show that, although it vitrifies, there is still sufficient
energy available at 150 ◦C to overcome the steric hindrance imposed by the formation
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of cross-links and achieve a complete cure. Although the resin transforms into a glassy
state, the cure reaction is able to continue under diffusion control. This is the behaviour
expected of a resin being cured just below the Tg∞ line in Figure 2.13.
After 3 h, the modulus of S2501 is an order of magnitude lower than that of J1506,
which approaches its final value after just 80 min. In contrast, S2501 continues to
cure for 24 h, when the difference in moduli of the two resins is reduced to 37 MPa.
At 150 ◦C, S2501 cures at a relatively slow rate, but it has been shown that this is
sufficient to achieve an 85% degree of cure after 3 h.
When cured, S2501 exhibits stronger damping behaviour than J1506, which may
be significant in terms of dissipating braking energy when used as a friction composite
matrix.
4.2.1.6 Summary
Data from all of the experiments on S2501 were combined to determine the optimum
process parameters for cold moulding. These are presented in Table 4.6.
Table 4.6: Cold moulding process parameters
Resin property Value Process parameter
Melting point ∼65 ◦C Min. mixing temperature
Onset of cure 128 ◦C Max. mixing temperature
Min. post-bake temperature
Gel time at 120 ◦C 50 min Max. mixing duration
Vitrification temperature 150 ◦C Optimum post-bake temperature
85% cure time at 150 ◦C 3 h Optimum post-bake duration
100% cure time at 150 ◦C 24 h Max. post-bake duration
Onset of decomposition 218 ◦C Max. post-bake temperature
4.2.2 Fibres
This section focusses on the morphology of individual processed hemp fibres and how
this affects the mechanical properties of their respective networks as a whole. The fibre
network provides reinforcement to the composite matrix, but also has a considerable
effect on the cold mould mixing process, which is shown in Section 5.2.2.
The thermal degradation behaviour of hemp fibres was also studied because it is
particularly pertinent to the tribological performance of a friction composite, espe-
cially since the conventional fibre, aramid, has exceptionally high thermal stability
amongst organic materials. The characteristics of the two fibre types are compared
where appropriate.
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4.2.2.1 Fibre processing
The appearance of the hemp fibre web as it exits the La Roche opening machine is
shown in Figure 4.35. The thermal, mechanical, and morphological properties of this
fibre after repeated process passes are reported in detail in the following sections.
Similar analysis was applied to the hemp/aramid fibre blends.
Figure 4.35: Hemp fibre web exiting the La Roche opening machine
It was observed that, in general, the fineness of the hemp fibres was increased upon
each pass through the La Roche opening machine, but that the most significant changes
in morphology occurred during the early cycles. During the latter cycles, a significant
quantity of dust was produced, but the length of the fibres was maintained throughout
processing. More detailed analysis is presented in the following sections.
4.2.2.2 Differential Scanning Calorimetry
DSC was used to examine the thermal decomposition behaviour of the fibres. The
thermogram of unretted hemp in nitrogen begins with a broad, but well defined, en-
dothermic peak of magnitude −0.51 W g−1 at 110 ◦C (Figure 4.36(a)). This is followed
by the onset of two successive exotherms: the first begins at 182 ◦C and the second
peaks at 255 ◦C. These lead to a well defined exothermic peak of magnitude 0.67 W g−1
at 334 ◦C, which has a shoulder at 347 ◦C. Retted hemp follows a similar trend, but the
endothermic peak occurs at the lower temperature of 102 ◦C. In addition, the major
exothermic peak occurs at the higher temperature of 347 ◦C and does not exhibit the
shoulder observed in the unretted sample.
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(a)
(b)
Figure 4.36: DSC of unretted and retted hemp fibre in (a) nitrogen, and (b) air
The initial endotherm observed on the DSC thermograms of hemp fibre is attributed
to the evolution of absorbed moisture. In the retted sample this peak occurs 8 ◦C lower
than in the unretted sample. This is attributed to the absence of some hydrophilic
components, such as hemicellulose or pectin, which bind the moisture more strongly.
The hemicellulose and pectin have been removed by retting.
Exothermic events are visible in nitrogen at ∼182 ◦C and ∼255 ◦C in both sam-
ples, but they are stronger in the unretted sample. These events are attributed to
the decomposition of pectin and hemicellulose, respectively, which other authors have
reported to occur at similar temperatures [383, 384]. The greater magnitude of these
events in the unretted fibre indicates that it contains a higher proportion of pectin and
hemicellulose.
The large exothermic peak is attributed to the (convoluted) decomposition of cel-
lulose and lignin, which are widely reported to occur within a similar temperature
range [138, 383–385]. Its exact position varies between different crops of the same
fibre owing to natural variation. The peak occurs at 334 ◦C in unretted hemp, with a
shoulder at 347 ◦C that exactly coincides with the peak observed in the retted fibre;
the first peak is absent from the retted fibre trace.
The difference in the peak temperatures is attributed to the difference in crys-
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tallinity of the cellulose to which they are attributed [141]. Unretted hemp contains a
greater proportion of amorphous cellulose, which gives rise to the lower temperature
peak. The absence of this peak from the retted sample indicates that this amorphous
cellulose has been preferentially removed by microbial attack. The higher temperature
peak occurs at the same temperature as the exothermic peak observed in high strength
rayon, a synthetic form of highly crystalline cellulose (see below).
In air, the thermal behaviour of the fibres is dominated by two exothermic events.
In unretted hemp, the first of these begins at ∼255 ◦C and rises to a peak at 351 ◦C.
The second exothermic event begins at 381 ◦C and continues beyond 500 ◦C. In retted
hemp, the initial onset temperature is 5 ◦C higher and the peak occurs at 363 ◦C,
although it is interrupted by a shoulder at 363 ◦C. The second exotherm begins at
396 ◦C and also continues beyond 500 ◦C.
The thermal degradation of hemp in air is more energetic, owing to oxidation. The
onset occurs at 255 ◦C in unretted hemp, and at 260 ◦C in the retted fibre. Similarly,
the peak temperatures are slightly higher in retted hemp. This corresponds with the
onset observed in high strength rayon fibre and provides a further indication that the
less thermally stable components of hemp have been removed by retting. Although
the difference between the two types of fibre is small in terms of thermal stability, the
removal of pectin and hemicellulose is important because it increases the strength of the
remaining fibre bundles and enables the fibre to bond more strongly with hydrophobic
resin matrices (e.g. CNSL-based resins) [6, 134, 145, 182].
Processed samples of retted hemp exhibit the same pattern of thermal behaviour
as the raw (retted) fibre, although the major exothermic peak consistently occurs 7 ◦C
lower after processing (Figure 4.37).
The endothermic and exothermic peaks of each of the processed fibres enclose a
similar quantity of energy per sample—endothermic: 142 ±1W g−1, exothermic: 143 ±
4W g−1. Hence, there is no significant difference between the LR2, LR4, and LR6 pro-
cessed hemp fibres in nitrogen. In air, the onset and inflection (shoulder) temperatures
of the initial exotherm of the processed samples occur ∼12 ◦C and ∼6 ◦C lower, respec-
tively, than that of the raw (retted) fibre. Otherwise, there is no discernible difference
between the raw and processed hemp fibres.
After two process cycles, the exothermic peak temperature in nitrogen was shifted
down to ∼340 ◦C, which indicates that some damage has occurred to the crystalline
cellulose in the fibre during processing, but thereafter, no significant difference was
observed between the DSC thermograms of the mechanically processed hemp fibre.
This shows that it offers no chemical improvement in the performance of these fibres
(i.e. it does not selectively remove any of their components).
In a similar manner to hemp, the DSC thermogram of high strength rayon (in
nitrogen) begins with a broad endotherm centred at 102 ◦C (Figure 4.38). The energy
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(a)
(b)
Figure 4.37: DSC of processed hemp fibre in (a) nitrogen, and (b) air
absorbed during this event is ∼65% greater than that absorbed by hemp.
The rayon fibre then exhibits a pair of discrete exothermic peaks similar to those of
hemp, although the first peak occurs at a higher temperature (∼295 ◦C compared with
∼255 ◦C), and is more energetic (∼12.7 J g−1 compared with 3.5 J g−1). In contrast, the
second peak occurs at approximately the same temperature as the major exothermic
peak in hemp (348 ◦C), but is much less energetic (19.6 J g−1 compared with 120 J g−1.
This peak is accompanied by a step increase in heat flux.
In air, the initial endotherm is followed by an exothermic peak at ∼310 ◦C. In
hemp, a shoulder appears at a similar temperature (309 ◦C), but is convoluted with
an additional peak at 363 ◦C. This peak does not occur in rayon, but there is a major
step increase in heat flux of > 2 W g−1 above 300 ◦C.
The para-aramid fibres exhibited greater thermal stability than hemp. Virgin and
recycled samples of this material behaved similarly in nitrogen: a well defined endother-
mic peak of magnitude 0.27 W g−1 occurs at ∼102 ◦C, but no further thermal events
take place until the onset of another endotherm at ∼465 ◦C, which is incomplete by
500 ◦C (Figure 4.39(a)).
In air, the para-aramid samples exhibit a weak (∼72 mW g−1) exothermic peak at
∼339 ◦C, followed by the onset of a major exothermic event, which occurs in the virgin
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(a)
(b)
Figure 4.38: DSC of rayon fibre in (a) nitrogen, and (b) air
sample at 454 ◦C, and at 472 ◦C in the recycled fibre (Figure 4.39(b)).
The aramid fibres exhibit much greater thermal stability: apart from an endotherm
at ∼100 ◦C, which is attributed to the evaporation of moisture, the virgin fibre exhibits
no other events until 465 ◦C. At this temperature, the onset of an endothermic event
attributed to thermal decomposition is observed. In air, this onset is exothermic, but
occurs at approximately the same temperature; it is attributed to oxidative degrada-
tion. The recycled fibre exhibits some evidence of the onset of a small endothermic
event at ∼330 ◦C, but this is not well defined.
Almost no difference was apparent between the thermal behaviour of the virgin
and recycled aramid fibres, which implies that the recycled fibre may be a cheaper
and more environmentally friendly alternative source of aramid fibre for cold moulded
friction composites.
A thermogram showing the behaviour of the hemp/aramid blends in nitrogen is
presented in Figure 4.40(a). The dashed lines represent the theoretical heat flux curves
for each blend ratio based upon data from the pure fibres. If baseline drift is removed,
all samples exhibit a very strong correlation between the expected and observed data;
each blend behaves as the sum of its component fibres.
In air, however, this is not the case (Figure 4.40(b)). Although there is a strong
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(a)
(b)
Figure 4.39: DSC of aramid fibre in (a) nitrogen, and (b) air
correlation between the expected and observed data for the 75/25 blend, this becomes
much weaker as the aramid content is increased. The onset of the initial exotherm (due
to hemp) is increased from 246 ◦C in virgin hemp to ∼267 ◦C in samples containing
50% aramid or more. However, the temperature of the second exothermic peak (also
due to hemp) is reduced with increasing aramid content from 364 ◦C to 326 ◦C.
All samples exhibit an endothermic peak at 100 ◦C owing to the moisture content
of both component fibres.
The expected behaviour of the hemp/aramid blends was estimated by combining
the DSC profiles of each component in the appropriate proportions. In nitrogen, the
blends closely followed this prediction, which shows that no synergistic effects occur
as a result of blending the fibres. It also illustrates how intimately blended the fibres
were, since they represent samples of just 20 mg taken from a 20 kg batch.
However, in air, the exothermic degradation peak arising from the hemp component
of the 50/50 and 25/75 blends was greater than predicted, thus it seems that hemp
dominates the oxidative thermal degradation of the blends.
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(a)
(b)
Figure 4.40: DSC of hemp/aramid fibre blends in (a) nitrogen, and (b) air
4.2.2.3 Thermogravimetric Analysis
In an atmosphere of nitrogen, the degradation of both unretted and retted hemp occurs
in a practically identical manner. Between 54 ◦C and 117 ◦C these fibres gradually lose
∼7% of their initial mass (Figure 4.41(a)). From 234 ◦C a major (60%) two stage mass
loss begins; this proceeds to a (maximum) rate of 11% min−1 until 348 ◦C when a third,
slower, stage of degradation prevails. By 490 ◦C, the rate of mass loss has slowed to
0.1% min−1, and the residual char at 900 ◦C is 22% of the original mass.
In air, the degradation of these materials follows a similar behaviour, but the second
stage of degradation is indistinguishable from the third, and occurs at a faster rate
(Figure 4.41(b)). In addition, unretted hemp exhibits a fourth stage of degradation
between 490 ◦C and 514 ◦C, and the residual ash content of both materials is lower
than that in nitrogen. However, the unretted sample has a higher ash content than the
retted sample (15% compared with 2.2% for retted hemp).
In terms of mass loss, there is no discernible difference between the unretted and
retted hemp fibre when tested in nitrogen. The initial mass loss of 7% is attributed
to the evaporation of moisture, which is consistent with that reported in other studies
on industrial hemp [140, 383]. The second mass loss is attributed to the thermal
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(a)
(b)
Figure 4.41: TGA of unretted and retted hemp fibre in (a) nitrogen, and (b) air
decomposition of pectin and the depolymerisation of hemicellulose, which was observed
by Ouajai and Shanks [140]. The major mass loss of 56% is attributed to the pyrolysis
of cellulose [384], and the final step is attributed to the charring of residual lignin,
which has been reported to continue up to 900 ◦C [383].
In air, the difference between the two fibres becomes apparent as the unretted fibre
exhibits an additional 10% oxidative degradation step at 490 ◦C. This step is attributed
to the presence of lignins that were removed from the retted fibre by microbial attack.
The mechanically processed fibres (LR2, LR4, and LR6) all exhibit the same ther-
mal degradation characteristics in nitrogen and air, which indicates that processing
has no effect on their thermal stability (Figure 4.42).
When examined in nitrogen, rayon (synthetic cellulose) exhibited the same trend in
thermal degradation as processed (LR2) hemp (Figure 4.43(a)). However, the initial
mass loss at 53 ◦C was greater in the synthetic fibre (∼9%, compared with 5.2% for
hemp). In addition, the synthetic fibre exhibited a sharper onset and faster rate of
thermal degradation. The (DTG) peak degradation temperature (342 ◦C) of rayon was
higher than that of hemp (327 ◦C). However, rayon exhibited a lower residual mass of
12.8%, compared with 21.7% for processed hemp.
In air, the synthetic cellulose fibre also follows a similar trend to hemp, although
it sustains a greater mass loss during the initial degradation step, and has a slightly
lower residual mass of ∼2% (Figure 4.43(b)).
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(b)
Figure 4.42: TGA of processed hemp fibre in (a) nitrogen, and (b) air
Rayon exhibits very similar degradation characteristics to hemp in both nitrogen
and air, although it has a slightly higher onset temperature because it contains no
pectin or hemicellulose, which are responsible for the initial onset of degradation in
hemp. Rayon has a higher moisture content of ∼9% (which is consistent with the
higher enthalpy of vaporisation noted by DSC) and forms less char than hemp. Char
is mainly produced by the pyrolysis of lignin [383], which is not present in rayon, so
this was expected. This also explains why the second degradation step in air—which
is attributed to the oxidative degradation of char—is larger in the hemp sample.
Compared with the cellulose-based fibres, all of the aramids tested have a much
(a) (b)
Figure 4.43: TGA of rayon fibre in (a) nitrogen, and (b) air
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higher thermal stability in both nitrogen and air. The virgin and recycled para-aramid
fibres behave in an almost identical manner: after a minor initial mass loss of ∼3.6%
below 190 ◦C, the mass of both samples remains almost constant until ∼465 ◦C, when a
major two-step mass loss begins (Figure 4.44). In nitrogen, this continues until 591 ◦C,
when the rate of mass loss slows to 0.2% min−1; the residual char at 900 ◦C is 35%. In
air, mass loss is complete by 610 ◦C and the residual mass is just 3.6%.
(a) (b)
Figure 4.44: TGA of aramid fibre in (a) nitrogen, and (b) air
There is almost no discernible difference between the virgin and recycled aramid
fibres. Both fibres have a similar moisture content of ∼3.6% and both exhibit a minor
mass loss from ∼320 ◦C in nitrogen. However, in air, this step is absent from the virgin
fibre. It is suggested that this is because a competitive oxidation reaction masks the
mass loss. The reaction does not occur in the recycled fibre because the component
susceptible to oxidation has been removed by the recycling process. It has been shown
that aramid fibre possesses a skin which is more crystalline than its core, and that
this skin is damaged by the recycling process [9]. It is suggested, therefore, that the
thermal effect observed here may be caused by the exposure of the fibre core.
The onset of major mass loss occurs at 465 ◦C, and is complete by 591 ◦C, which is
consistent with values reported in the Literature [386].
TGA data for each of the hemp/aramid fibre blends in nitrogen and air is presented
in figures 4.45(a) and 4.45(b), respectively. In each figure, the dashed lines represent the
theoretical mass loss curves for each blend ratio based upon data from the pure fibres.
In nitrogen, at low temperatures, the agreement between the actual and theoretical data
is very good; in all cases, the overall R2 correlation coefficient for actual vs. theoretical
mass loss is 1. However, the second major degradation step (due to aramid) is steeper
than predicted for each blend. In addition, this onset occurs at a lower temperature as
the aramid content of the blend is reduced.
In air, the actual degradation data deviates further from the theoretical data, al-
though the correlation coefficient, in all cases, is also ∼1. As the aramid content is
reduced, the third major degradation step (due to aramid) becomes indistinguishable
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from the second (due to hemp). Furthermore, the final degradation step begins at
a lower temperature as the aramid content is reduced and reaches completion sooner
than predicted by the theoretical curves.
(a)
(b)
Figure 4.45: TGA of hemp/aramid fibre blends in (a) nitrogen, and (b) air
The fibre blends behave as the sum of their component parts when tested in nitro-
gen, but in air the blends exhibit lower thermal stability than predicted, especially at
high hemp concentrations. Carroll-Porczynski [387] showed that the degradation per-
formance of a fibre blend can be determined by comparing actual TGA mass loss curves
with theoretical curves based upon the contribution from each of its components. If
the mass loss of the blend is greater than that predicted by theory, an anti-synergistic
effect exists which causes poor degradation performance. The data presented here sug-
gest that such an effect occurs in blends of hemp and aramid fibre at temperatures
above 470 ◦C. This effect was also observed by DSC (Section 4.2.2.2) and is directly
proportional to aramid content. It seems that the presence of hemp fibre lowers the
oxidative thermal stability of aramid.
4.2.2.4 Bulk density
Bulk density measurements were made to help determine batch quantities for mix-
ing and to highlight which fibres were most likely to affect the compressibility of the
composite.
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A typical compression–relaxation curve for the fibre samples is shown in Figure 4.46.
It is clear that the load–extension relationship becomes approximately linear at pres-
sures greater than ∼0.4 MPa, which demonstrates that the fibre is behaving according
to Hooke’s law. Bulk density measurements for each fibre are presented in Table 4.7.
Figure 4.46: A typical compression–relaxation curve for hemp fibre
The bulk density of the virgin hemp fibres is reduced by ∼7% after one pass through
the La Roche opening machine (Figure 4.47). Thereafter, the bulk density decreases
at a diminishing rate with each process cycle until the sixth cycle, when there is a
disproportionate decrease of 2.7%. A slight negative trend is observed between nominal
fibre length and bulk density (Figure 4.48), but this is not significant at the 5% level
(Pearson: r = 0.742, P = 0.258).
Elastic recovery of the virgin fibres—expressed as a percentage of compressed
volume—is considerably greater than that of the processed fibres, which exhibit no
particular trend.
The aramid pulp used in the conventional manufacture of brake pads has a bulk
density ∼17% lower than that of hemp fibre. However, the aramid staple fibre used
for blending with hemp in this research is ∼30% more sparse, even though it has the
same intrinsic material density, which indicates that it has a higher compression ratio.
The bulk density of the hemp/aramid blends decreases with respect to aramid
content, although the magnitude of the decrease is not in direct proportion to the
blend ratio. A similar trend is observed with respect to elastic recovery.
The compression–relaxation curve for hemp fibre shows that its bulk density is
increased considerably by compression; it recovers little once the pressure is removed.
Elastic recovery of the hemp fibre samples is typically 30% of their compressed volume,
whereas that of the staple aramid fibre is much greater (∼80%). Aramid pulp has the
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Table 4.7: Bulk density of fibrous friction composite ingredients
Fibre type Bulk density Elastic recovery
Mean S.D. Mean S.D.
(g cm−3) (%) (%) (%)
Aramid pulp 0.402 1.79 23.8 3.57
Aramid staple 0.375 2.39 79.6 6.43
3 mm Raw 0.533 2.09 31.9 1.55
3 mm LR1 0.494 2.37 26.0 2.54
3 mm LR2 0.484 2.09 25.3 1.92
3 mm LR4 0.476 3.27 25.5 1.66
3 mm LR6 0.463 2.07 25.9 2.25
3 mm LR2 0.484 2.09 25.3 1.92
6 mm LR2 0.480 1.22 31.5 1.98
9 mm LR2 0.479 1.63 28.5 2.83
12 mm LR2 0.476 1.35 30.7 1.53
Aramid staple 0.375 2.39 79.6 6.43
25/75 Hemp/aramid 0.425 2.04 57.2 4.98
50/50 Hemp/aramid 0.445 1.95 49.1 4.04
75/25 Hemp/aramid 0.465 1.77 34.7 3.72
12 mm LR2 Hemp 0.476 1.35 30.7 1.53
Figure 4.47: Effect of fibre processing on the bulk density of hemp
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Figure 4.48: Effect of fibre length on the bulk density of hemp
lowest recovery of all (24%). The hemp/aramid blends exhibit a strong correlation
between elastic recovery and aramid content, but the trend is not in direct proportion.
It seems that the presence of hemp fibre in the blend restricts the recovery of the
aramid.
These results indicate that a friction composite containing aramid staple fibre is
likely to exhibit a low bulk density after the granulation stage of manufacture and
therefore a high compression ratio when pressed. This can make it difficult to distribute
the material evenly throughout the mould tool, potentially causing localised regions
of low density that can cause uneven and excessive wear of the brake pad. However,
the presence of hemp fibre tends to suppress this behaviour, which is an advantage to
manufacture.
Repeated processing of hemp fibre reduces its bulk density, which suggests that the
network has become more reticulated and is therefore able to support itself at larger
volumes. This can cause a problem during mixing of the composite because the mixing
chamber has a fixed volume and the clearance between the blades is very narrow to
generate the necessary high shear rates. It is undesirable to mix materials with a high
bulk volume because these tend to put excessive strain on the mixer.
Nominal fibre length has little or no effect on bulk density within the range inves-
tigated, which indicates that fibre fineness and morphology (e.g. branching) dominate
the bulk properties of the network.
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4.2.2.5 Sieve analysis
Samples of processed hemp fibre were sieved through a stack of graded meshes to
determine the fines content of each. The results of this analysis are presented in
Figure 4.49. The graph shows the mass of material retained by each of the 5 smallest
sieves; the remainder (∼93%) was retained in the largest (2.36 mm) sieve.
Figure 4.49: Size analysis of fines present in processed hemp fibre
A greater proportion of the LR2 and LR4 fibres was retained in the larger sieve
sizes, whereas the LR6 fibres tended to settle in the finer meshes. In addition, a
significant proportion of LR6 fibre passes through the 300 µm mesh. There is a peak in
material retention for all fibre types at the 600 µm mesh size, which is attributed to the
collection of ‘shiv’ contaminants from the woody core of the hemp stalk (Figure 4.50).
It is undesirable to have shiv in a friction material because, as a relatively large particle
with poor adhesion to the matrix resin and low thermal stability, it can weaken the
composite.
Figure 4.50: ‘Shiv’ contamination collected in the 1 mm > x > 600 µm fraction
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In total, the fines collected represent ∼7% of the total mass of the LR2 and LR4
fibres, and ∼11% of the LR6 fibres. The majority of the fine material in the LR6 fibres
falls within the smallest size classification. This material is attributed to breakdown
of fibres, which indicates that they have been over-processed.
4.2.2.6 Microscopy
A visual examination of the fibres used in this research is presented below. Images
from macro-scale photographs, light microscopy, and scanning electron microscopy are
presented together to give a detailed morphological description of each fibre.
A. Virgin hemp fibre These fibres, extracted from hemp straw without further
modification, were studied to provide a baseline against which to compare the processed
fibres.
i. Effect of retting Both retted14 and unretted hemp fibre were considered
for use in this research. To the naked eye, there appears to be no difference between
the virgin fibres of each crop (Figure 4.51), but when examined under the electron
microscope, the differences become apparent.
Figure 4.51: Macro-scale comparison of virgin unretted and retted hemp fibre
The unretted fibres are bound together in bundles: individual fibrils are visible as
longitudinal striations along the axis of the trunk fibre (Figure 4.52). The fibre trunk
has a width of 565 µm, but is beginning to separate into bundles of ∼110 µm. The
surface of these bundles has a smooth appearance at low magnification, but is observed
to contain an abundance of flakes of cutaneous material at higher magnifications. This
material, together with that of the hemicelluloses and pectins, which bind the bast
layer of the plant stem together, obscures the view of the individual fibrils.
14Retting is a controlled bio-degradation of the hemp stem, which breaks down the hemicellulose
and pectin holding the individual fibres together (Section 2.4.4.1).
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(a) 45× (b) 300×
(c) 450×
Figure 4.52: SEM micrographs of unretted virgin hemp fibre
The retted fibres have an altogether different appearance (Figure 4.53). Even at
low magnifications, the trunk fibres are observed to separate into much smaller bundles
and the surface of these bundles is considerably more rough. Some of the bundles have
separated further into fibres of ∼15 µm width. The cutaneous material that coats
these fibres has broken down to reveal the fibrils beneath; what remains adheres to the
surface in discontinuous fragments.
Virgin fibres extracted from the hemp stalk exist as long, flat ribbons of ∼500 µm
width. When viewed under the microscope, it becomes clear that these ribbons are,
in fact, composed of many bundles of individual fibre cells, arranged longitudinally
about the fibre axis. This structure gives rise to many of the properties discussed in
Section 2.4. In particular, the strength of the fibre is inversely proportional to its width,
since the organic components that bind the fibre bundles together are considerably
weaker than cellulose itself [152, 154]. These components also have a lower thermal
stability [384], so the essence of fibre processing is to separate the fibre bundles without
damaging them.
Although they appear the same to the naked eye, there are some important dif-
ferences between the retted and unretted fibre, some of which became clear when
examined under the electron microscope. The smallest fibre bundles present in the
retted fibre are narrower than those found in the unretted fibre, and it is clear that the
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(a) 45× (b) 300×
(c) 450×
Figure 4.53: SEM micrographs of retted virgin hemp fibre
fibre bundles are beginning to separate. Furthermore, the surface of the retted fibre is
considerably rougher. The cutaneous material, which appears as a continuous smooth
coating on the unretted fibres, has begun to break down to reveal the fibres beneath.
This is attributed to the action of microbial organisms during the retting process.
B. Processed hemp fibre These fibres were examined to determine what effect
retting had on the ability to fibrillate them and to establish how much processing was
necessary to achieve the optimum morphology for cold moulding.
i. Effect of retting The typical appearance of twice-processed unretted and
retted hemp fibre is shown in Figure 4.54. Both samples are very similar, but the
unretted fibre contains a fraction of wider fibres which is not present in the retted
fibre. When viewed under the electron microscope, there is a clear difference between
the surface texture of the fibres; the retted hemp is much rougher and exhibits more
hanging fibrils than the unretted hemp.
The mean width of the fibrils in the unretted sample is 21 µm, whereas that in
the retted sample is 14 µm (this average was calculated from 3 randomly selected
micrographs of each sample). In both samples, the fibrils are split longitudinally and
are much thinner than the unprocessed fibres.
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Figure 4.54: Macro-scale comparison of processed unretted and retted hemp fibre
(a) 250× (b) 250×
Figure 4.55: SEM micrographs of processed hemp: (a) unretted, and (b) retted fibre
ii. Process cycling To determine the effect of repeated fibre processing on
retted hemp, samples were examined at a range of magnifications. For reference, a
macro-scale photograph of virgin hemp compared with processed hemp is presented in
Figure 4.56.
Compared with processed hemp, the virgin fibres appear more coarse: they have
a broad range of bundle widths and form a more sparse network. LR1 hemp contains
some ‘coarse’ fibrils, distinguishable as straight members amongst the disordered retic-
ulate bulk, though these are much finer than those of virgin hemp. Thereafter, there
is no discernable difference between the fibres subjected to repeated process cycles.
When examined under a light microscope, the virgin fibres appear straight and
unbranched (Figure 4.57). Changes in direction occur mainly at kinks and twists
in the fibre, where it has been damaged. Here, the fibre bundles are observed to split
longitudinally, although not down to the degree of individual fibrils. The fibres are flat,
but twisted, and have a variety of different widths, mostly in the range 130–270 µm.
Entanglement of these fibres is minimal.
After one process cycle, the fibres have separated considerably and the bulk now
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Figure 4.56: Macro-scale comparison of virgin and processed retted hemp fibre
(a) 30× (b) 80×
Figure 4.57: Light microscope images of virgin hemp fibre
contains many discrete fibrils of 30–70 µm diameter (Figure 4.58). These fibrils are
entangled with much larger trunk fibres of ∼130 µm, which are observed to have many
branches and support many hanging fibrils, yet remain as one member. The average
fibre width is smaller and the distribution of sizes is more uniform than that of virgin
hemp. Some fibres remain with little fibrillation, but these are finer than those of virgin
hemp.
After two process cycles, the body of fine fibres appears similar to that of LR1 hemp,
but the larger fibres have been separated more completely. The bulk now comprises
many finely branched fibres of 50–100 µm supporting a mass of discreet fibrils of 10–
40 µm (Figure 4.59).
Subsequent process cycles separate the bundles further, though with each cycle the
fibres approach their ultimate dimension, such that there is little change in overall
morphology between each cycle (Figures 4.60 and 4.61). As the fibres become more
separated and less branched, the members of the network become more discreet. By
the sixth cycle the finest fibrils have begun to break down into dust, but the trunk
length remains greater than 12 mm (the longest nominal length used for chopping)
until the third process cycle.
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(a) 30× (b) 30×
(c) 80× (d) 80×
Figure 4.58: Light microscope images of LR1 hemp fibre
After one process cycle, the bundled arrangement of hemp fibres within the plant
stem becomes clearly visible, as these bundles are observed to separate (Figure 4.62).
However, the electron microscope reveals that this process extends beyond the macro-
scopic scale. Even the finest of fibrils visible to the naked eye, or the optical microscope,
are observed to sub-divide. Although the bulk of fibrils present in the LR1 sample have
a width of ∼50 µm, these are observed to split into much finer strands, some less than
10 µm wide. The trunk fibres are much wider, typically 130 µm (see above).
The LR2 fibres have a typical trunk width of 70 µm, but the SEM shows the
presence of very fine hair-like fibrils on the surface of these fibres (Figure 4.63).
After a further two process cycles, the trunk width has reduced to 45 µm and the
majority of these show evidence of further splits initiating (Figure 4.64).
After six cycles, the fibres have broken down significantly; Figure 4.65(b) shows an
entire, discrete fibril of ∼2.5 mm total length. The individual strands are less than
20 µm wide, yet they still exhibit evidence of further separation into even finer fibrils
(Figure 4.65(c)). However, the repeated processing has also caused the fibres to break
in the transverse direction, which has reduced their length (and, hence, aspect ratio).
The finest fibrils have been reduced to dust; when sieved, LR2 fibres produced 1.7 g of
fine matter, whereas the LR6 fibres produced 6.2 g.
The retted fibre was found to respond better to processing than the unretted fibre
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(a) 30× (b) 30×
(c) 80× (d) 80×
Figure 4.59: Light microscope images of LR2 hemp fibre
and so it was selected for use throughout the remainder of this research. After two
passes through the La Roche opening machine, the average width of the retted fibre
bundles was smaller than that of the unretted fibre. In addition, the bundles were
observed to subdivide further, such that this sample contained many smaller fibrils.
This is attributed to the partial breakdown (by retting) of the pectin and hemicellulose
that binds the fibres together. Consequently, the energy input during processing was
sufficient to cause a greater separation of the fibre bundles. However, the length of the
fibres was largely maintained.
Subsequently, the width of the fibre bundles was reduced further, and many were
separated to the degree of ultimate fibrils, however, this also caused damage to the
fibres, and it was noted that there was a higher dust content in these materials: the
fibres had been overprocessed. In terms of cost–benefit, the greatest improvement in
fibre properties was achieved by processing the fibres twice. This reduced the average
bundle width to 75 µm and promoted branching of the trunk fibres to form a reticulated
network containing fibrils of 10–40 µm diameter. This sort of network is observed in
the aramid fibres used in the conventional friction composite manufacturing process,
although it is composed of much finer fibres and is considerably more dense [9].
With each process pass, the specific surface area was increased—this was measured
in Section 4.2.2.7. It was found to be undesirable to process the fibres more than twice
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(a) 30× (b) 30×
Figure 4.60: Light microscope images of LR4 hemp fibre
(a) 30× (b) 30×
Figure 4.61: Light microscope images of LR6 hemp fibre
because materials with a very high specific surface area can cause problems during the
cold moulding manufacturing process (Section 5.2.2).
After two process passes it was noted that the length of the fibre bundles was much
greater than 12 mm, which was the longest nominal chopped fibre length used in this
research. Hence, the length of the fibres used in composite production was independent
of process cycling.
C. Aramid fibre The morphology of the staple aramid fibre used in the
hemp/aramid fibre blends for this research is significantly different from that of the
pulp fibre currently used in the manufacture of brake pads (Figure 4.66). The staple
fibre is approximately 40× longer than the pulp (Section 3.1.2) and exhibits a much
lesser degree of fibrillation (Figure 4.67). The trunk fibres of the staple material have
a diameter of ∼12 µm, whereas the pulp contains a multitude of fibrils smaller than
1 µm (Figure 4.68). The fineness and fibrillation of the pulp fibre cause it to form an
intricate network with other fibres (Figure 4.67(c)).
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(a) 200× (b) 200×
(c) 500×
Figure 4.62: SEM micrographs of LR1 hemp fibre
D. Hemp/aramid fibre blends Twice-processed hemp fibre was blended with
staple aramid fibre to enhance the tribological properties of the composites produced in
this research; the appearance of those blends is shown in Figure 4.69. The uniformity
of colour within each sample and the consistent gradient between them provide an
indication that these blends are homogeneous and that their proportions are equally
spaced.
Figure 4.70 is a low magnification light micrograph of the 50/50 blend, which shows
that the two fibres are intricately blended despite an apparent morphology mismatch.
The hemp fibres are much straighter than the aramid fibres—they only change direction
at kinks in the fibre trunk—which implies that they have a greater flexural stiffness.
However, the hemp fibres are also ∼6× wider than the aramid fibres, so it is likely that
this is a geometric effect, rather than intrinsic material property.
In order to boost the tribological performance of the friction composites produced
for this research, it became necessary to supplement hemp with aramid fibre. The
aramid pulp fibre used in conventional friction materials was found to have an excessive
specific surface area and so could not be used for cold moulding. Staple aramid fibre
has a morphology much closer to that of processed hemp and it was found that it could
be intimately blended with hemp to produce a uniform bulk material. The intimacy
of these blends was confirmed by macro- and microscopic examination.
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(a) 45× (b) 45×
Figure 4.63: SEM micrographs of LR2 hemp fibre
(a) 45× (b) 45×
Figure 4.64: SEM micrographs of LR4 hemp fibre
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(a) 45× (b) 45×
(c) 300×
Figure 4.65: SEM micrographs of LR6 hemp fibre
Figure 4.66: Macro-scale comparison of aramid fibre types
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(a) 125× (b) 125×
(c) 125×
Figure 4.67: Light microscope images of aramid fibre: (a) 1076 staple, and (b) & (c) 1099 pulp
(a) 450× (b) 450×
Figure 4.68: SEM images of aramid fibre: (a) 1076 staple, and (b) 1099 pulp
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Figure 4.69: Macro-scale comparison of hemp/aramid fibre blends
Figure 4.70: Light microscope image of 50/50 hemp/aramid fibre blend
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4.2.2.7 Arealometry
Measurements of hemp fibre fineness—based upon their resistance to airflow—were
made to determine the effect of processing on fibre morphology. The Kozeny–Carman
equation used for this technique is only valid for laminar flow.
The relationship between flow rate and pressure drop across a puck of 3 mm LR2
fibres is shown in Figure 4.71. From the derivative trace it is clear that this relationship
becomes non-linear at flow rates greater than ∼0.75 l s−1, which indicates the onset
of turbulence. To ensure that flow through the fibre samples remained in the laminar
regime, a flow rate of 0.5 l s−1 was chosen for all further tests.
Figure 4.71: Flow rate–pressure relationship for 3 mm LR2 hemp fibres
The effects of turbulent flow were observed to begin at flow rates greater than
0.75 l s−1, which is ∼0.8× the value for the theoretical onset of turbulent flow in the
downstream flow chamber (i.e. a Reynold’s number greater than 2000). The scale factor
of 0.8 corresponds with the void fraction of the fibre sample (0.785), which suggests
that turbulence is caused by the velocity increase owing to the 20% restriction in the
flow channel by the fibres.
Since the void fraction remained constant for all fibre samples tested, it can be
assumed that the flow was laminar at 0.5 l s−1 in each test.
The calculated values of specific surface area for each fibre puck tested are pre-
sented in Table 4.8. Virgin hemp fibres have a specific surface area of 58.8 mm−1, but
this is almost doubled by processing it once through the La Roche opening machine
(Figure 4.72). Further process passes continue to increase the specific surface area in
an approximately linear fashion such that the LR6 fibre has a specific surface area of
148 mm−1.
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Table 4.8: Specific surface area of fibres used in this research
Fibre type Mass Void Specific Standard
fraction surface area deviation
(g) (mm−1) (%)
Aramid pulp 14.952 0.785 1245 33.1
Aramid staple 14.944 0.785 239.1 6.69
Aramid staple 7.970 0.885 208.4 7.89
3 mm Raw 14.874 0.786 58.80 3.09
3 mm LR1 14.939 0.785 103.6 2.90
3 mm LR2 14.917 0.785 115.7 3.50
3 mm LR4 14.945 0.785 128.1 4.02
3 mm LR6 14.935 0.785 148.2 3.18
3 mm LR2 14.917 0.785 115.7 2.82
6 mm LR2 14.921 0.785 121.2 2.64
9 mm LR2 14.991 0.784 123.8 3.76
12 mm LR2 14.977 0.784 123.8 3.76
Figure 4.72: Effect of fibre processing on the specific surface area of hemp
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In contrast, there is a strong, but insignificant correlation (Pearson: r = 0.931,
P = 0.069) between nominal fibre length and specific surface area (Figure 4.73).
During the first process cycle through the La Roche opening machine, the specific
surface area of the virgin hemp fibres increased by 76%, which can be attributed
to the separation of the fibre bundles into finer fibrils. Thereafter, the increase in
specific surface area diminishes with each process cycle until the sixth cycle, when
there is a disproportionate increase. This was attributed to the breakdown of the
fibre bundles into dust (which has a much greater surface area:volume ratio) caused by
over-processing. A sieve analysis of the fibres confirmed that the LR6 material had a
significantly higher content of fines than either the LR2 or LR4 fibres (Section 4.2.2.5).
Furthermore, it is shown in Section 4.2.2.8 that there is no significant improvement in
the mechanical properties of the network beyond 2 process cycles.
Nominal fibre length was not expected to have any effect on specific surface area,
since it does not alter the morphology of the fibres themselves. It does, however, alter
the network density in terms of the number of discrete fibrils per unit volume. The
observed minor increase in specific surface area with respect to length was found to
be insignificant. It is attributed to the influence of fibre compression caused by the
slightly lower bulk density of the longer fibres. However, the differences in measured
specific surface area of the processed fibres are much greater than would be expected
from the variation in their bulk density.
Figure 4.73: Effect of fibre length on the specific surface area of hemp
The aramid pulp used in the conventional manufacture of brake pads has an excep-
tionally high specific surface area: the pressure drop was equivalent to 9.55 m of water,
so it was necessary to use a mercury-filled manometer to measure it. In contrast, the
specific surface area of the aramid staple fibre used for blending with hemp in this
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research was just twice that of the LR2 hemp fibre.
The exceptionally high specific surface area of aramid pulp is a consequence of its
ultrafine and highly fibrillated network structure, which is exploited in the hot mould
manufacture of conventional friction materials. The extreme surface area:volume ratio
of this fibre is unsuitable for cold mould manufacture because it would mop up too
much resin during the mixing process (Section 5.2.2.2).
In contrast, the aramid staple fibre chosen for blending with hemp has a measured
specific surface area of 239 mm−1, which is just twice that of the LR2 hemp fibre.
Furthermore, this fibre has a much lower bulk density than that of hemp, so it was
subject to a significantly higher compression ratio in the arealometer chamber, which
is known to produce abnormally high readings. On the basis of similar compression
ratios, the measured specific surface area of aramid is just 1.8× that of LR2 hemp
fibre, which indicates its compatibility with the cold mould manufacturing process
established in this research.
In general, the repeatability of the results from this test is very good: the standard
deviation is ∼3%, which is similar to that of Duckett and Krowicki’s results [364].
4.2.2.8 Dynamic Mechanical Analysis
A dynamic mechanical test was employed to quantify the effect of processing on the
visco-elastic properties of dry fibre networks formed from hemp. It was developed by
Askling et al. [366] and has been used previously to establish the suitability of various
natural fibres for use in friction materials by Sloan [9].
Three visco-elastic parameters were chosen to quantify the effect of processing on
the fibres: the initial value of the elastic shear modulus (G′0), which is influenced by
the number of fibre–fibre contacts; the critical strain (γc), at which the network yields
significantly; and the phase lag (δ), which describes the visco-elasticity of the network.
It is proposed that δ is inversely proportional to the efficiency with which an applied
deformation is transmitted from fibre to fibre throughout the network (i.e. a lower
value of δ implies less slippage between fibres).
The effect of strain rate was identified in Section 4.1.2.8 as a confounding influence
on the present test, however all samples were tested using the same configuration,
so the results are comparative between samples (and with those of Sloan). It has
previously been demonstrated that the results of this test are not influenced by sample
preparation with the method used here [9].
A. Fatigue tests Over a period of 1 h, the elastic modulus of 3 mm LR2 hemp
remained stable (Figure 4.74), which indicates that the effects of fatigue upon the
results of the subsequent oscillatory tests can be neglected.
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Figure 4.74: DMA fatigue test: 3 mm LR2 hemp fibre
B. Oscillation tests The behaviour of a typical processed hemp fibre sample (com-
pared with that of aramid) is shown in Figure 4.75. Initially, the elastic modulus is
stable, but above a critical strain (γc) it begins to decline steadily, which indicates that
the entangled fibres have begun to slip past each other. Table 4.9 shows the average
values of the chosen parameters for each fibre type.
Figure 4.75: DMA oscillation test showing typical behaviour of dry fibre networks
i. Unretted and retted hemp fibre Virgin (‘raw’) retted hemp fibre has a
higher initial modulus and critical strain than the unretted fibre, but these differences
are not significant at the 5% level (P = 0.789 and P = 0.278, respectively). However,
when these fibres are processed twice through the La Roche opening machine, the
differences become significant (P = 0.033 and P = 0.023, respectively). Furthermore,
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Table 4.9: Summary of fibre DMA data
Fibre type Shear modulus Critical strain Delta peak
Mean S.D. Mean S.D. Mean S.D.
(kPa) (kPa) [×10−3] [×10−4] ( ◦) ( ◦)
Aramid pulp 317 31.6 5.51 1.96 15.5 0.38
Aramid staple 504 32.6 1.33 0.47 15.8 0.40
8 mm Raw Hemp (Unretted) 389 105 0.98 1.49 34.4 1.02
8 mm LR2 Hemp (Unretted) 422 41.1 1.33 1.24 29.2 0.43
8 mm Raw Hemp (Retted) 417 133 1.14 1.63 32.9 0.96
8 mm LR2 Hemp (Retted) 525 37.5 1.73 1.47 26.4 0.49
3 mm Raw Hemp 425 126 1.12 1.08 33.2 1.00
3 mm LR1 Hemp 486 56.2 1.41 0.942 28.7 0.41
3 mm LR2 Hemp 516 39.2 1.74 0.851 26.8 0.42
3 mm LR4 Hemp 448 14.9 1.83 2.04 25.3 0.40
3 mm LR6 Hemp 411 6.35 1.89 1.08 24.1 0.79
3 mm LR2 Hemp 516 39.2 1.74 0.851 26.8 0.42
6 mm LR2 Hemp 438 20.5 1.73 1.31 27.3 0.48
9 mm LR2 Hemp 480 33.1 1.73 1.50 26.8 0.58
12 mm LR2 Hemp 472 52.0 1.74 0.862 24.8 0.58
the percentage improvement in these parameters due to processing is greater in the
retted fibre.
In short, retted fibre exhibits improved properties and responds better to processing
than unretted fibre. As such, retted hemp fibre was used throughout this research.
ii. Processed hemp fibre The initial elastic shear modulus of raw hemp varies
considerably more than that of the processed fibres (Figure 4.76(a)), which follow a
trend: LR1 hemp has the highest variation (σ = 56.2) and LR6 the lowest (σ =
6.35). The mean modulus is increased by 21% during the first two process cycles,
but subsequently decays upon further processing; the mean modulus of the LR6 fibre
network is lower than that of raw hemp, albeit much more consistent.
There is less variation in critical strain amongst each sample (Figure 4.76(b)), but
there is a clear difference between them: raw hemp has a considerably lower criti-
cal strain than the processed fibres. The critical strain is substantially increased by
processing the fibres twice, but further processing yields a diminishing return.
Neither the initial modulus nor critical strain vary appreciably with respect to fibre
length.
The phase lag between applied strain and the resultant stress is shown for raw
hemp, and for all of the processed fibres, in Figure 4.77. The value of δ increases with
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(a)
(b)
Figure 4.76: DMA data showing the variation in (a) initial modulus, and (b) critical strain
of dry-formed hemp fibre networks with respect to processing
respect to strain up to a maximum at ∼3.2% strain in all samples and then begins to
fall again. The phase lag of raw hemp is significantly higher than that of the processed
fibre throughout the test. At the peak value of δ there is a clear trend between the
processed samples: LR2 has the highest value (∼27 ◦) and LR6 the lowest (∼24 ◦).
iii. Aramid fibre Virgin aramid pulp, as used in conventional brake pads, has
a lower initial modulus (317 kPa compared with 516 kPa) than processed hemp, but
can withstand a greater strain (0.55% compared with 0.17%) before its network begins
to slip.
The staple aramid fibre exhibits a similar initial modulus (525 kPa) and critical
strain (0.13%) to processed hemp fibre, but has a similar phase lag (15.8) to that of
the aramid pulp.
C. Discussion Aramid pulp has a higher critical strain than hemp fibre, which is
a consequence of its highly fibrillated entangled network structure. Such a structure
is required for the hot mould manufacture of friction materials because it entraps all
of the powdered composite ingredients during processing. For cold moulding it is not
necessary that the fibres have this structure, but they should be sufficiently fine to act
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Figure 4.77: Phase lag (δ) of processed hemp fibre networks
as a homogeneous composite reinforcement, yet robust enough to withstand the high
shear mixing process, and should have a high surface area : volume ratio in order to
generate the required friction during mixing (i.e. to melt the resin). However, if the
surface area of the fibres is too great, they will absorb too much resin during the mixing
process; aramid pulp does this (Section 5.2.2.2) so it is undesirable for the processed
hemp fibres to have similar properties.
It is likely that the initial elastic shear modulus of aramid fibre is lower than that of
hemp because aramid fibres have a much smaller diameter (typically 12 µm, compared
with up to 150 µm for the trunk fibres in a processed hemp sample). This relationship
between initial modulus and fibre diameter was reported by Askling et al. [366].
The staple aramid fibre, which has a larger diameter than the pulp and is much
less fibrillated, exhibits similar properties to processed hemp fibre. This provides an
indication that it may behave in a similar manner when mixed with resin, and that
it should be compatible for blending with hemp. It does, however, have a much lower
phase lag than the hemp, which shows that the network is more elastic. This was also
observed during compression tests, in which the recovery of aramid staple fibre was
considerably greater than that of hemp (Section 4.2.2.4).
It was shown that raw hemp does not mix well (Section 5.2.2.2), is a poor matrix
reinforcement (Section 6.2.1.1), and has poor tribological performance (Section 7.2.2.1)
compared with processed hemp. Retted hemp responds better to processing than un-
retted hemp (in terms of the 3 visco-elastic parameters identified, a greater percentage
improvement was observed when retted hemp was processed) so it was decided to use
processed retted hemp fibre throughout this research.
Processing has a greater effect on retted hemp because the lignin, pectin, and
hemicellulose that binds the cellulosic fibres together have been at least partially broken
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down by microbial action. This means that less energy is required to separate the
fibres and that they are less likely to be damaged as a result. It was shown by SEM
examination that the retted fibres had been partially separated by the removal of these
constituents during the retting process (Section 4.2.2.6).
Processing raw hemp twice through the La Roche opening machine reduces the
fibre bundle diameter from ∼500 µm to ∼75 µm and increases the number of fibrils
attached to each bundle (Section 4.2.2.6). Furthermore, a narrower range of bundle
widths is evident in the processed fibres, which indicates that processing makes them
more uniform. Correspondingly, the DMA data shows that there is much less variation
in the initial modulus of the processed fibres compared with the raw fibres.
DMA also reveals that, beyond 2 process cycles, the initial modulus of the hemp
fibre network is reduced; this is expected because the diameter of the fibres is reduced
by repeated processing and a fraction of excessively short and fine fibres are created
on each pass that cannot effectively transfer stress throughout the network [367]. The
presence of a higher dust content was noted in the LR6 fibres compared with the LR2
fibres.
The increase in modulus during the first two process cycles can be attributed to the
increase in volume concentration of free fibres as the bundles are separated; this effect
was also noted from the reduced bulk density of these samples (Section 4.2.2.4). This
increases the number of fibre–fibre contacts per unit volume and therefore stiffens the
network by raising the frictional force required to deform it. Askling et al. reported
similar findings for cellulosic pulps subjected to different defibration energies [367]. In
addition, the profile of the fibres becomes less flat (and more round) as a result of
processing, so the contact between them becomes more isotropic.
Askling et al. also showed that the elastic shear modulus of such a network is deter-
mined by the ratio between the diameter and ‘free segment length’ of its component the
fibres, where the free segment length is the distance between fibre–fibre contact points
within the network [366]. During the first two process cycles both of these parameters
are reduced considerably, but it is proposed that the proportional reduction in free
segment length is greater, hence the network modulus increases. Thereafter, network
stiffness is dominated by the reduction in diameter, and possibly an increase in curling
and/or branching (see below), of the fibres.
The critical strain at which the fibre network begins to break down increases as the
fibres are repeatedly processed—an effect which is most pronounced during the first
two process cycles. This can be attributed to an increase in network entanglement (i.e.
fibre–fibre interaction) caused by the separation and branching of the fibre bundles as
they are processed. The increase in critical strain of a fibre network is correlated with
a reduction in the free segment length of its component fibres and an increase in the
number of contact points per fibre [366].
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The same authors also explained that curved or wavy fibre networks can withstand
greater strains because the fibres are able to straighten (without slippage) before trans-
mitting stress to the contact points; their work suggested that this mechanism might
also extend to branched, pulp-like structures (e.g. processed hemp) [367]. Because the
imposed stress is not transmitted directly to the contact points in these networks, they
have a lower initial modulus.
After two cycles the fibres are approaching the maximum possible refinement achiev-
able by this process. The steady reduction in variation of each sample is further evi-
dence that the fibres are becoming more uniform as a result of processing.
The increase in phase lag with respect to strain indicates that more slippage occurs
between the entangled fibrils as the strain is increased. This reaches a maximum once
the strain is sufficient to act upon the main fibre bundles which form the backbone
of the network structure. Compared with raw hemp, all of the processed fibres have
a lower phase lag (δ) throughout each test. This indicates that processing the fibres
has made the network more elastic and suggests that the fibres have become more
entangled, such that they are unable to slip past each other so readily and therefore
behave more like springs. In short, the network has become more fibrillated, and
therefore has a greater surface area :volume ratio. It was observed by microscopy that
the individual trunk fibres became separated as a result of processing, and that they
supported many fine fibrils (Section 4.2.2.6).
Within the range investigated, nominal fibre (bundle) length has no effect on either
the initial elastic modulus or critical strain of the fibre network. This corresponds
with the work of Askling et al. who showed that, for relatively large diameter fibres
(such as those investigated here), the free segment length : diameter ratio dominates
the properties of the fibre network.
It is clear from the DMA data that there is a definite benefit, in terms of initial
elastic modulus and critical strain, from processing the raw fibres twice, but that
further processing yields no significant improvement. It is likely that this is because
the fibres have become over-processed and are starting to break down. It was shown
that the dust content of the fibres increased as they were repeatedly cycled and this
was attributed to disintegration of the fibres by over-processing (Section 4.2.2.5).
Considering the cost–benefit of processing raw hemp, it was decided to use LR2
fibres throughout this research.
4.2.3 Fillers and friction modifiers
The tribological performance of a friction material is strongly dependent on the chem-
ical reactions that occur as each ingredient decomposes [16, 17, 121]. This section
focusses on the thermal degradation behaviour of the individual fillers and friction
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modifiers in their raw form, but it is not possible to fully predict how they will respond
when coupled with other ingredients under the extreme heats and pressures at the
braking interface.
4.2.3.1 Differential Scanning Calorimetry
Many of the powdered fillers and friction modifiers tested were ostensibly inert within
the temperature range 25–500 ◦C, whether the experiment was performed in nitrogen or
air. Alumina, zirconium silicate, barium sulphate, and perlite displayed no significant
thermal effects other than, in some cases, a very small endothermic peak caused by the
evaporation of adsorbed water (Figures 4.78–4.80).
(a)
(b)
Figure 4.78: DSC of abrasive friction modifiers in (a) nitrogen, and (b) air
However, magnesium oxide exhibited a much larger endothermic peak at ∼100 ◦C
and an even larger one at 360 ◦C. This indicates that it had become hydrated to form
magnesium hydroxide (Equation 4.4).
MgO + H2O −−→ Mg(OH)2 (4.4)
The reverse reaction occurs at temperatures above 300 ◦C. This reaction is highly
endothermic which, combined with the simultaneous release of water, makes magne-
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(a)
(b)
Figure 4.79: DSC of inorganic fillers in (a) nitrogen, and (b) air
sium hydroxide an effective flame retardant [344, 388, 389]. The additional endotherm
at 445 ◦C is attributed to the dehydration of a calcium hydroxide impurity, which is
commonly present in industrial grades of magnesium oxide, and is reported to occur
at ∼450 ◦C [390, 391].
Calcium fluoride displays a broad exothermic peak of ∼23 J g−1 at 310 ◦C when
tested in air, but in nitrogen this event is replaced by a minor change in heat flux.
Since calcium fluoride is inert at this temperature, this event is attributed to the
oxidation of an impurity.
In both atmospheres, the thermogram of exfoliated vermiculite has a well defined
endothermic peak at 99 ◦C, which is accompanied by a step decrease in the heat ca-
pacity of the sample (Figure 4.80); a weaker endotherm is also visible at 202 ◦C. Crude
vermiculite exhibits the same behaviour, but the initial peak is shifted to 112 ◦C. The
endotherms are attributed to the evaporation of unbound and bound moisture, respec-
tively. The higher temperature of the initial endotherm in the crude form of vermiculite
is consistent with the water being trapped within in its more dense structure.
Brass produces two sharp endotherms at 328 ◦C and 454 ◦C, which correspond with
the melting points of lead and tellurium, respectively (Figure 4.81). Both of these
elements are commonly added to brass to improve its machinability, but they do not
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(a)
(b)
Figure 4.80: DSC of vermiculite and perlite in (a) nitrogen, and (b) air
dissolve into solid solution, hence the distinct melting points [392]. The exotherm in
air is attributed to the oxidation of lead or brass.
In nitrogen, iron disulphide exhibits several endothermic peaks below 250 ◦C (Fig-
ure 4.82). These are attributed to phase transitions of impurities such as digenite and
bornite, which are commonly found with pyrite ore and are reported to occur at these
temperatures [393]. However, when tested in air, these events are dwarfed by the mag-
nitude (6 W g−1) of the peak beginning at 368 ◦C, which is attributed to the formation
of iron oxide (Equation 4.5).
4 FeS2 + 11 O2 −−→ 2 Fe2O3 + 8 SO2 (4.5)
In nitrogen, the carbonaceous lubricants used in this research are ostensibly inert,
apart from graphite flake, which exhibits an endotherm from ∼430 ◦C (Figure 4.83).
In air, flaked graphite exhibits the same behaviour as in nitrogen, but the powdered
form exhibits a gradual exotherm, which is attributed to the oxidation of this higher
surface area material. Coke displays an exothermic peak at 355 ◦C, which may be
attributed to the oxidation of a sulphur impurity.
Of all the samples tested, the organic materials displayed the most energetic be-
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(a)
(b)
Figure 4.81: DSC of brass chippings in (a) nitrogen, and (b) air
haviour (Figure 4.84). When tested in nitrogen, the thermograms of uncured and
cured rubber are dominated by exothermic peaks at 361 ◦C and 373 ◦C, respectively
(although that of the cured sample is considerably weaker) and both materials exhibit
the onset of a further exothermic event at ∼460 ◦C. In air, their behaviour is more
complex: additional exothermic events begin at 191 ◦C in the cured sample and 222 ◦C
in the uncured sample. These continue beyond 500 ◦C, although the magnitude of the
final exotherm is considerably greater in the cured sample.
Both of the rubbers used in this research exhibit exothermic decomposition peaks
above 360 ◦C in nitrogen. These are attributed to the formation of cross-links in a
manner analogous to the degradation of phenol–formaldehyde resin. The cured rubber
exhibits a smaller peak at a higher temperature because its pre-existing cross-links
inhibit molecular motion. Major degradation begins at ∼460 ◦C, which coincides with
that observed in S2501 resin (Section 4.2.1.2). In air, further peaks are visible as
the polymer chains and cross-links become oxidised. The thermal stability of these
materials is limited to ∼200 ◦C.
The DSC thermogram of friction dust in nitrogen shows a weak and broad exother-
mic peak at 123 ◦C (Figure 4.85(a)). This is followed by an even broader exotherm
at 324 ◦C, which precedes a well defined endothermic peak at 441 ◦C. Cured S2501
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(a)
(b)
Figure 4.82: DSC of iron disulphide in (a) nitrogen, and (b) air
resin (which is also a CNSL-based material) follows a similar trend, but it exhibits a
stronger peak in the region of 300 ◦C.
In air, friction dust exhibits a major exotherm, with an onset at 168 ◦C, that con-
tinues beyond 500 ◦C (Figure 4.85(b)). This is punctuated only by a poorly defined
endothermic event at ∼420 ◦C, whereas the thermogram of cured S2501 resin is domi-
nated by a thermal event in this region.
The thermograms show that friction dust also begins to decompose above 180 ◦C
in air, but although it exhibits similar degradation behaviour to that of S2501 resin, it
does not auto-ignite (Section 4.2.1.2).
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(a)
(b)
Figure 4.83: DSC of carbonaceous friction modifiers in (a) nitrogen, and (b) air
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(a)
(b)
Figure 4.84: DSC of uncured and cured rubber in (a) nitrogen, and (b) air
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(a)
(b)
Figure 4.85: DSC of friction dust in (a) nitrogen, and (b) air
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4.2.3.2 Thermogravimetric Analysis
The inorganic materials used as fillers and friction modifiers exhibited the greatest
thermal stability of all the ingredients tested. Neither alumina or zirconium silicate
exhibited any mass change in the range 25–500 ◦C in atmospheres of either nitrogen or
air (Figure 4.86).
(a)
(b)
Figure 4.86: TGA of abrasive friction modifiers in (a) nitrogen, and (b) air
The behaviour of magnesium oxide was also independent of atmospheric gas com-
position, but did exhibit a three-stage mass loss in the ranges 50–122 ◦C, 283–336 ◦C,
and 513–672 ◦C; the total mass loss was 3.5%. The first stage is attributed to the loss
of adsorbed moisture. This is followed by the dehydration of magnesium hydroxide
(Section 4.2.3.1) and either the dehydration of calcium hydroxide or the decompo-
sition of calcium carbonate impurities, both of which are reported to occur above
500 ◦C [391, 394].
Barium sulphate and calcium fluoride exhibited very minor mass losses of ∼0.4%
and ∼0.1%, respectively, in both atmospheres (Figure 4.87). In barium sulphate, this
occurred as a single event at 583 ◦C in nitrogen, and 607 ◦C in air. Calcium fluoride
exhibits a 2-step degradation from 412 ◦C in nitrogen, but in air it degrades in 3 stages,
beginning at 255 ◦C.
The small mass losses observed in barium sulphate and calcium fluoride from
∼600 ◦C are attributed to dehydration. The additional step from 255 ◦C observed
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(a)
(b)
Figure 4.87: TGA of inorganic fillers in (a) nitrogen, and (b) air
in calcium fluoride, when tested in air, is accompanied by an exothermic DSC peak at
the same temperature (Section 4.2.3.1) and is attributed to an oxidative degradation
reaction.
The mineral ingredients also exhibited strong thermal stability. Perlite, in par-
ticular, was ostensibly inert in either nitrogen or air (Figure 4.88). Both forms of
vermiculite (crude and exfoliated) exhibited similar behaviour in each atmosphere; the
only appreciable mass loss detected occurred between 70–120 ◦C in the crude mineral,
and 55–85 ◦C in the exfoliated form, with a magnitude of ∼5% in all cases.
In nitrogen, the brass chippings exhibited a 17.4% mass loss beginning at 735 ◦C,
which was not complete by 900 ◦C, but in air they gained mass from 793 ◦C onwards.
The total mass gain was 8.5%.
The mass loss observed in brass occurs shortly after the melting of its lead and
tellurium phases, so it is attributed to the evaporation of these materials; the gain in
mass when tested in air is attributed to their oxidation.
The lubricant iron disulphide decomposes in a complex manner. From 64 ◦C, the
compound gradually loses mass at an unsteady rate, which continues until 434 ◦C
(∼2.4%) in air, and 484 ◦C (∼3.3%) in nitrogen (Figure 4.90). From these tempera-
tures, mass loss proceeds in two well defined steps; in nitrogen, the second step begins
at 607 ◦C, after a 5.4% mass loss, whereas in air this step begins at 434 ◦C, after a 22.4%
mass loss. The residual masses in nitrogen and air are 72.4% and 65.4%, respectively.
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(a)
(b)
Figure 4.88: TGA of vermiculite and perlite in (a) nitrogen, and (b) air
Iron disulphide exhibits small mass losses at temperatures associated with the phase
transitions of impurities, as measured by DSC (Section 4.2.3.1). However, the mass loss
associated with oxidation is much greater. The cause of this mass loss is the evolution
of sulphur dioxide gas (Equation 4.5). Iron oxide is harder and more abrasive than
iron disulphide, so it serves to counteract brake fade at high temperatures [342].
The carbonaceous lubricants and fillers are much more stable. In an atmosphere
of nitrogen, the masses of coke and powdered graphite remain unchanged in the range
25–900 ◦C (Figure 4.91).
Flaked graphite exhibits a 1.5% mass loss between 430 ◦C and 549 ◦C, which, in
air, is followed by an additional 15.9% mass loss from 835 ◦C. Coke and powdered
graphite also decompose in air, and begin to lose mass at 652 ◦C and 714 ◦C, respec-
tively. From the DTG trace it appears that the 97.3% mass loss of powdered graphite
has almost reached completion by 900 ◦C, whereas that of coke (81.7%) has slowed but
will continue.
Coke and powdered graphite decompose to form carbon dioxide from ∼600 ◦C, but
the flaked form of graphite is more stable: it begins to decompose from ∼700 ◦C and
reacts more slowly. Because of this, it is suggested that flaked graphite acts as a high
temperature lubricant, and it is suggested that it may therefore help to stabilise the
friction film when used in a brake pad.
Of all the fillers and friction modifiers tested, the organic materials had the lowest
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(a)
(b)
Figure 4.89: TGA of brass chippings in (a) nitrogen, and (b) air
thermal stability. Uncured rubber is pyrolysed in two stages, the first from 354–473 ◦C,
with a mass loss of 78.1%, and the second from 665–730 ◦C, with a mass loss of 4.9%;
the second mass loss also occurs in air (Figure 4.92(a)). The DTG trace of uncured
rubber has a minor peak at 184 ◦C and a shoulder at 332 ◦C, which also correspond
with similar features of the DTG trace in air.
The decomposition of uncured rubber in air occurs in four stages, two of which
match those of pyrolysis (see above). The first stage of decomposition occurs between
270–410 ◦C, with a 9.4% mass loss (Figure 4.92(b)). This is followed by a two-step
mass loss of 77.0%, the second stage of which (from 571 ◦C) does not occur in nitrogen.
The decomposition of cured rubber follows a similar trend, but each stage (apart
from the third, in air) begins at a lower temperature and the residual char from pyrolysis
is significantly greater (36.0% compared with 8.41% for uncured rubber).
The rubbers used in this research are far less stable. In nitrogen, uncured rubber
begins to lose mass form ∼350 ◦C, which coincides with the exothermic peak observed
by DSC (Section 4.2.3.1). Cured rubber exhibits similar behaviour, although an addi-
tional mass loss was noted from 235 ◦C. A very broad and weak endotherm precedes
the DSC peak in this material: it is attributed to the loss of volatile additives. Cured
rubber has a higher residual mass than its uncured counterpart, which is a consequence
of its cross-linked structure. It is suggested that this material forms a char in a similar
manner to cross-linked phenol–formaldehyde resin (Section 4.2.1.3).
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(a)
(b)
Figure 4.90: TGA of iron disulphide in (a) nitrogen, and (b) air
In an inert atmosphere, friction dust (which is a cured form of CNSL) is pyrolysed
in a single step between 413 ◦C and 483 ◦C to leave a 20% residue of carbonaceous char
(Figure 4.93(a)). In comparison, the decomposition of cured S2501 (the CNSL-based
binder resin used in this research) occurs over a similar range, but is preceded by an
additional step from 316 ◦C, and is more complete—the residue is just 7.8%.
In air, the first significant onset of mass loss occurs at 276 ◦C and proceeds at a rate
of ∼0.92 5 min−1 until 419 ◦C, when the rate increases significantly to ∼12 % min−1
(Figure 4.93(b)) to cause a mass loss of 43.5%. However, the extremely sudden mass
loss observed in S2501 does not occur in friction dust. An additional step of 38.1%
occurs between 512 ◦C and 572 ◦C, when the rate of mass loss slows to ∼0.95 % min−1
until just 0.6% of the original mass remains.
Friction dust (a cured form of CNSL) decomposes in a similar manner to S2501
CNSL-based resin (Section 4.2.1.2), although the sudden loss of mass associated with
auto-ignition of gaseous decomposition products does not occur in friction dust.
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(a)
(b)
Figure 4.91: TGA of carbonaceous friction modifiers in (a) nitrogen, and (b) air
(a) (b)
Figure 4.92: TGA of uncured and cured rubber in (a) nitrogen, and (b) air
(a) (b)
Figure 4.93: TGA of friction dust in (a) nitrogen, and (b) air
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4.2.3.3 Bulk density
Bulk density measurements were made to help determine batch quantities for mixing
and to highlight which materials were most likely to affect the compressibility of the
composite.
The bulk density measurements of the powdered ingredients used in friction formu-
lations for this research are presented in Table 4.10.
Table 4.10: Bulk density of powdered friction composite ingredients
Ingredient Bulk density Standard deviation
(g cm−3) (%)
Alumina 1.43 3.75
Barium Sulphate 1.84 4.02
Brass Chippings 2.55 2.15
Calcium Fluoride 1.97 4.90
Coke 0.890 3.01
Friction Dust 0.686 3.76
Graphite (flake) 0.639 5.74
Graphite (powder) 0.511 4.88
Iron Disulphide 1.602 4.58
Magnesium Oxide 0.878 4.82
Perlite 0.101 5.31
Rubber (cured) 0.446 4.01
Rubber (uncured) 0.486 3.78
Vermiculite (crude) 1.11 2.20
Vermiculite (exfoliated) 0.158 6.39
Zirconium Silicate 2.01 4.63
Exfoliated vermiculite and perlite have the lowest bulk densities, whereas the metals
and refractory minerals have the highest.
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4.3 Conclusion
The individual raw materials that comprise a brake pad were analysed in detail to
determine: (i) whether they were suitable for the cold moulding process, (ii) what
constraints they might put upon the process, and (iii) what effect they might have
upon the tribological performance of a brake pad. Particular attention was focussed
upon the the CNSL-based resin and hemp fibres, because these are fundamental to
cold moulding.
4.3.1 Resins
At the outset of this research, preliminary experiments had shown that the CNSL-based
resin, S2501, may be suitable for cold moulding, although its actual properties and their
effect on the process were undetermined. Thermal, mechanical, and physical analyses
were performed to identify these properties and establish the necessary manufacturing
parameters where appropriate.
The presence of a long chain aliphatic component in S2501 was confirmed by FTIR
and DSC. This is consistent with the side chain of a CNSL-based material and it has
a considerable effect on the properties of the resin. The aliphatic component makes
S2501 hydrophobic, which is a challenge if it is to be mixed with hydrophilic materials
such as hemp fibre. Furthermore, the long chain creates steric hindrance between the
resin molecules, which significantly reduces its chemical reactivity in comparison with
the conventional resin, J1506.
The low reactivity of S2501 has some important benefits with respect to its use as
a matrix resin for cold moulding. In particular, it was noted that the cure reaction
does not occur at an appreciable rate below 130 ◦C, which is significant because the
cold mould mixing process can generate temperatures of this order and it is absolutely
critical that the resin does not cure in the mixer.
Furthermore, the entire curing reaction is much less energetic than that of the con-
ventional resin, hence the corresponding evolution of gaseous products is less vigorous.
Because of this, the potential for damage to the integrity of the matrix is less severe.
This is of particular concern to the cold moulding process since the composite is not un-
der pressure when it cures. It was shown by TMA that S2501 has greater dimensional
stability than J1506.
It is suggested that the reaction of S2501 is dominated by the second, ‘condensa-
tion,’ stage of the well documented phenol–formaldehyde reaction [86, 104], and it is
likely that it is impeded by steric hindrance from the aliphatic side chain in S2501.
Consequently, the reaction proceeds very slowly in its latter stages, such that it takes
∼24 h to reach 100% cure at 150 ◦C. In contrast, J1506 achieves a complete cure in
just 45 min at this temperature.
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Nonetheless, it was shown that S2501 could become 85% cured after 3 h at 150 ◦C
and that it exhibited acceptable friction performance at this level of cure. Therefore,
these conditions were chosen to post-bake the composites produced throughout this
research. They represent a balance between the properties of the composite (including
an appropriate factor of safety) and the time, cost, and energy consumed by producing
it. Below 150 ◦C, the resin becomes vitrified and cannot achieve a full cure; above
150 ◦C the reaction produces a greater volume of gas that could potentially weaken the
composite.
The thermal degradation behaviour of both resins was similar, although it was
noted that S2501 auto-ignites in air at ∼390 ◦C, which is below the maximum operating
temperature of its intended application. It was suggested that the aliphatic side chain of
CNSL acts as a fuel for combustion of this resin. Furthermore, in an inert atmosphere,
the decomposition of S2501 was complete, whereas J1506 formed a charred deposit.
This is potentially significant because char such as this has been reported to stabilise
the friction coefficient of a brake pad.
At room temperature, S2501 behaves as an extremely viscous, shear thinning liquid.
Its viscosity is at least an order of magnitude lower than that of J1506 (which is
essentially solid) and it has a broader melting point that begins at a lower temperature
than J1506. All of these properties are well suited to cold moulding because the resin
must be forced to flow during the mixing process and wet the other ingredients without
the application of external heat.
In summary, the properties of S2501 suggest that it is compatible with the cold
mould manufacturing process and will perform well as a friction composite matrix.
The optimum processing parameters for cold moulding, based upon the properties of
S2501, are presented in Table 4.6.
4.3.2 Fibres
The cold mould manufacturing process requires a fibre with specific properties to in-
teract with the matrix resin. To meet the requirements of strength, fibrillation, surface
area, bulk density, and uniformity it was necessary to modify the virgin hemp fibres.
Repeated processing through a La Roche ‘opening machine’ was sufficient to achieve
this.
It was found that retted fibre responded best to processing because some of the
lignin and hemicellulose that binds the fibres together had been removed by micro-
bial attack. This also improved the interfacial bonding between the fibre and the
hydrophobic CNSL-based matrix (Section 6.2.1.7). It was also shown, by several dif-
ferent techniques, that the degree of fibrillation and surface area of the fibres were
increased, and that their bulk density was decreased upon each process pass through
194
Raw Material Analysis
the La Roche machine. Two passes were found to provide the optimum improvement
in properties. Additional process passes eventually reduced the fibres to dust.
The thermal stability of the processed hemp fibre was very similar to that of rayon,
a synthetic form of highly crystalline cellulose. The onset of thermal degradation in
hemp was measured at ∼234 ◦C. This temperature is low with respect to the oper-
ating temperature of RURT brake pads so it was blended with aramid to improve its
performance. It was found that aramid ‘staple fibre 1076’ had suitable morphological
properties for blending and that the presence of hemp fibre improved the bulk density
in respect of its suitability for mixing. However, no synergistic effect was observed by
blending the fibres and it was noted that an anti-synergistic effect may occur at blend
ratios of 50/50 and 75/25 hemp/aramid.
No difference was observed between the thermal stability of virgin and recycled
aramid. It is suggested that the recycled staple fibre may provide a lower cost, more
eco-friendly alternative to virgin aramid in the friction composite.
In summary, retted and twice processed hemp fibre was found to have the optimum
properties for cold mould manufacturing of friction composites and aramid staple fibre
1076 was identified as a suitable supplementary fibre to improve the thermal stability
of such composites.
4.3.3 Fillers and friction modifiers
The majority of the fillers and friction modifiers used in this research were inorganic
and inert within the temperature range of an RURT brake pad. The only materi-
als to exhibit significant decomposition were: iron disulphide (from 434 ◦C), uncured
and cured rubber from (from ∼270 ◦C), friction dust (from 276 ◦C), and the graphites
(from ∼650 ◦C). In addition, calcium fluoride was observed to exhibit an unexpected
exotherm at 310 ◦C and magnesium oxide was identified as having potential fire suppres-
sant activity above 300 ◦C. It was also demonstrated that crude vermiculite exfoliates
significantly when heated above 100 ◦C.
These observations will be considered, in addition to the thermal stability of the
resin and fibres, when the tribological performance of friction composites based upon
them is analysed.
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Manufacture of Friction Composites
One of the fundamental objectives of this research was to develop a low-energy man-
ufacturing route for the production of friction composites (Section 1.1). The novel
process developed for this purpose depends on specific raw material properties and
their interaction, which were investigated in the previous chapter. However, it was not
clear how these materials would behave during manufacture, or what effect various pro-
cess variables would have on the properties of the composite produced. To address this
issue, and to explore whether cold moulding would be an appropriate method for low-
energy manufacturing of brake pads, a comprehensive analysis of the manufacturing
process was performed. This included an appraisal of its energy consumption.
5.1 Methods
This section begins with an overview of the cold moulding process developed in this
research. The principle of cold moulding necessitates a fundamentally different man-
ufacturing process from that conventionally used to make brake pads. Consequently,
the critical stages of manufacture are different and the optimum process variables were
unknown. The experimental methods used to investigate the cold moulding process
are described in detail here. All friction composites were produced in the research and
development laboratory at European Friction Industries, Bristol, UK.
5.1.1 Cold moulding
Cold moulding requires far less energy to produce a brake pad than the conventional
manufacturing process because it uses self-generated heat to melt1 the resin and in-
corporate all of the friction ingredients into a solid lump form. These lumps can then
be positive moulded into brake pads in just a few seconds at room temperature. The
pads are then post-baked in the same manner as for hot moulding to cure the resin.
1See explanation of terminology in Section 4.2.1.
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There is no need for expensive processing fibres with cold moulding2 because pre-
forming is unnecessary, and dust is suppressed by the resin. However, the choice of
binder resin is crucial. A suitable resin must have low reactivity (a long β-time3) and
a low melting point; the onset of cure should be at a temperature distant from this
point. In its uncured state the resin should be soft and plastic, yet when cured it must
be hard and tough. When melted, its viscosity should decrease to a level at which it
can fully wet the other ingredients in the mixing chamber without curing aggressively.
A commercially available resin was found to have all of these properties: ‘S2501,’
manufactured by Sumitomo-Bakelite Ltd. [321]. It is derived from naturally occurring
compounds found in Cashew Nut Shell Liquid (Section 2.3). This environmentally
sustainable resin was a logical choice to further reduce the ecological impact4 of the
composite. In addition, its solid lump form makes it much safer to handle than the
powdered and liquefied resins currently used for hot moulding.
The first, and most fundamental, stage of the cold moulding process is mixing,
which is completely different from the mixing process used in hot moulding. Cold
moulding uses a high shear mixer to combine the raw ingredients. This is similar
to the ‘Banbury’ mixers used for rubber compounding, or for kneading bread dough.
The high shear mixer contains two blades of trianguloidal cross-section. These counter-
rotate at different speeds inside a ‘w’ shaped mixing chamber (Figure 5.1). The volume
of the mixing chamber in the lab-scale machine used for this research was 1.4 l. It has
a lid, which is driven by a pneumatic piston, and can be operated with the lid either
open or closed. The chamber is surrounded by a water jacket to provide cooling if
necessary (Figure 5.2). Larger machines, with chamber capacities of 13 l and 320 l
were also used during the later stages of this research when the process was scaled up
to produce full size UIC 200 brake pads.
From preliminary experiments, a four-stage mixing sequence was established, which
is described in detail in the following section. After mixing, the composite material
is in a lumpy or coarse granular form, depending on its composition. It is allowed to
cool to ambient temperature and then milled to a fibrous powder, or fine granular form
using a hammermill. This step makes it possible to achieve a uniform distribution of
material within the moulds used to form a brake pad.
The granulated friction material is weighed into positive mould cavities and pressed
at ambient temperature to compact it into a homogeneous composite. The mould cavity
contains a steel backplate coated with a thermally activated adhesive, which becomes
mechanically attached to the friction composite during this process.
Finally, the pressed specimens are oven baked (typically at 150 ◦C for 3 h) to cure
2Hot moulding requires aramid pulp fibres (which are ∼10× more expensive than hemp) because
their unique structure captures the powdered ingredients during dry phase mixing [9].
3Also known as ‘gel-time’ (Section 2.3.2).
4In addition to the replacement of aramid fibre with hemp.
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Counter-rotating blades
Retractable lid
Chamber body
(water-cooled)
Figure 5.1: Cross-sectional schematic of the high shear mixing chamber
Figure 5.2: The high shear mixer used for cold moulding
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the resin. The oven temperature programme includes gentle warm-up and cool-down
periods to minimise thermal shock. During post-bake, the backplate adhesive cures to
form a chemical bond between the friction material and backplate.
5.1.2 Manufacturing trials
The cold moulding process was investigated to identify what effect, if any, the man-
ufacturing process variables had on composite integrity. This was to ensure that any
phenomena—tribological or otherwise—observed in later stages of development could
be attributed to material differences between formulations. This investigation also
enabled a set of optimum manufacturing conditions to be established.
A summary of the cold moulding process is presented in Figure 2.5. The manu-
facturing variables associated with each step are summarised in Table 5.1. ‘Backplate
preparation’ is discussed in Appendix A.
Table 5.1: Variables associated with the cold mould manufacturing process
Stage Variable
Mixing Charge size: the mass of material in each batch
Order in which ingredients are added to the mixer
Duration of each stage of mixing
Granulation Temperature of the composite before granulation
Screen size at the exit from the granulator
Cold pressing Pressure applied to the granulated composite
Duration for which pressure is maintained
Post-bake Temperature at which the brake pad is baked
Duration for which the brake pad is baked
Backplate preparation Geometry of the backplates used
Adhesive type used
At this stage of development, the tribological performance of the friction composite
was not a concern, so the simple formulation DM1976 was developed to investigate
the cold moulding process. Although simple (it contains just 6 ingredients), the com-
position of DM1976 reflects the major constituents present in a railway brake pad. It
was based upon the (hot moulded) current market material E308 and adapted for cold
moulding. The formulation of DM1976 is presented in Table 7.6.
The relative proportions of each ingredient in this, and every other friction formu-
lation, were determined by volume (rather than mass) because there was considerable
variation in the density of the raw ingredients. However, for ease of production this
was converted into mass: each ingredient was weighed to a precision of 0.1 g.
The following sections describe how the influence of process variables (on composite
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integrity) at each stage of manufacture were investigated. From preliminary investi-
gations (see below), a set of ‘standard’ manufacturing parameters was established to
provide a baseline for analysis (Table 5.2). Apart from the variable under investigation,
and unless otherwise stated, standard process variables were used for each of the exper-
iments. Specimens of friction material from each experiment were compared in terms
of flexural strength and density, where appropriate. The techniques used to perform
these measurements are described in Section 6.1.
Table 5.2: Standard manufacturing parameters
Parameter Value Unit
Formulation DM1976 –
Mixing duration
Stage 1 1:00 min
Stage 2 3:00 min
Stage 3 3:00 min
Stage 4 3:00 min
Granulation
Temperature < 25 ◦C
Screen size 8 mm
Cold pressing
Pressure 31 MPa
Duration 15 s
Post-bake
Temperature 150 ◦C
Duration 3 h
Preliminary investigations The preliminary manufacturing trials are summarised
as follows: the order of mixing was established as described in the following section.
The duration of each stage was derived from the hot mould process, which has a total
mixing duration of 10 min. Upon completion of mixing, it was evident that the lumps
of composite mixture required some form of size reduction to make them suitable for
cold compaction moulding. This was achieved with a hammermill, which was the
only equipment available for this purpose and which had a fixed screen size of 8 mm.
Finally, the pressing and post-bake parameters were taken from the hot mould process,
although the press cycle duration was reduced to 15 s since there was no requirement
to cure the resin at this stage.
The resultant parameters are presented in Table 5.2.
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5.1.2.1 Batch variation
The experiments described in this section were performed over several months, during
which the ambient temperature varied considerably. However, a control sample of
DM1976 was always produced on the same day to provide a baseline for analysis. This
sample was produced using the ‘standard’ conditions presented in Table 5.2.
5.1.2.2 Mixing
The principle component of cold moulded friction products, S2501 resin (derived from
CNSL), has an extremely high viscosity (> 3 MPa s) and, as such, it presents a challenge
to mix successfully owing to viscous energy dissipation and the lack of turbulent flow.
A series of experiments were performed to identify the optimum mixing parameters for
materials containing this resin.
A. Charge size: A batch size of 1 kg was used for all lab-scale development trials
because this corresponds to a bulk material volume that fills the mixing chamber to
∼80% capacity, which is reccommended for optimum material flow in double-bladed
‘Banbury’ type mixers [310].
B. Order: The order in which the ingredients were added to the mixing chamber
was determined by trial and error. Initially, all of the ingredients were added to the
chamber together, but this was unsuccessful so the procedure was modified by adding
the various ingredients in stages until a homogeneous composite material could be
produced repeatably.
C. Duration: The mixing process was monitored in order to determine the opti-
mum length for each of the mixing stages described in Table 5.2. Each stage of mixing
was deemed to be complete when the appearance of the materials in the mixing cham-
ber had become homogeneous. The time required for this to occur was monitored by
evaluating the state of the material every 30 s. Simultaneous temperature measure-
ments of the mixing chamber and the material itself were also made every 30 s using a
thermocouple probe and an infrared thermometer. Upon completion of each stage, the
mixing process continued in the manner described in Section 5.1.1. This process was
performed with 3 mm LR1, LR2, LR4, and LR6 fibres, and LR2 hemp fibres of length
3, 6, 9, and 12 mm. The morphology of the fibres is described in Section 4.2.2.6.
D. Temperature: The only heat involved during the mixing stage of cold moulding
is self-generated through friction. The temperature in the mixing chamber is, therefore,
influenced by the duration of mixing. The mixing chamber is cooled by a water jacket,
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which could be turned off to promote higher temperatures, but no further control was
possible.
However, since the body of the mixer is made from a considerable mass of cast iron,
which absorbs a significant quantity of heat, it was also possible to raise the temperature
of the mixer by performing a series of mixes in quick succession. 5 batches of DM1976
(with 3 mm LR2 hemp) were mixed in immediate succession whilst the temperature of
the material and the mixing chamber were monitored: readings were taken after each
stage of mixing using a thermocouple probe and an infrared thermometer. The water
jacket was isolated and drained. This experiment was then repeated with an 8 min
mixing duration at stage 2 to isolate the competing effects of temperature and time
(mixing duration) at this crucial stage of the process.
E. Industrial scale: Pilot mixes were performed at the 1 kg and 10 kg batch
scale, and at a plant scale of 250 kg. In each case, geometric similarity of the mixer
was maintained and the charge size was calculated to fill ∼80% of the mixing chamber.
Homogeneity of mixing was discerned visually and confirmed by a comparison of
composite flexural strengths. A comparison of the mixer characteristics is shown in
Table 5.3.
Table 5.3: Pilot- and plant-scale mixer specifications
1 kg 10 kg 250 kg Unit
Chamber volume 1.4 13 320 l
Motor power 5.5 20 190 kW
Blade diameter 102 216 915 mm
Blade–blade clearance 6.35 25.4 44.5 mm
Blade–wall clearance 1.59 2.38 4.76 mm
Front blade speed 60 30 12 rpm
Rear blade speed 30 20 12 rpm
Mean shear rate 150 120 120 s−1
5.1.2.3 Granulation
The lumps of composite mixture must be reduced to a form in which they can be
moulded; this is achieved by granulation.
A. Temperature: The toughness of the friction composites produced for this re-
search increases with temperature, but to be suitable for granulation by hammermill,
they must be brittle. Hence, all composite mixtures were allowed to cool to room
temperature before granulation.
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B. Screen size: The screen fitted to the granulator determines the maximum size
of the material produced, but it also influences the dwell time in the granulator. A
smaller screen size will cause the material to remain in the granulator for longer—until
it is broken down into small enough pieces to fit through the screen.
The lab-scale hammermill was fitted with a single screen of a fixed size: 8 mm.
However, the industrial scale granulator was fitted with two screens and it was possible
to change their sizes. The combinations investigated are shown in Table 5.4.
The mechanical action of the two machines was different. Inside the laboratory
scale granulator, the feedstock is repeatedly smashed against a sawtoothed wall at high
velocity until the pieces drop through the screen under the action of gravity. However,
the industrial scale machine presses the feedstock directly through the apertures in the
screen itself at a relatively low velocity. Consequently, the size of the resultant material
in relation to the nominal screen size is different in each case.
Table 5.4: Screen size combinations used for industrial-scale granulation trials
Screen A Screen B
(mm) (mm)
1 25 –
2 15 –
3 25 5
4 15 3
5 15 2.5
5.1.2.4 Pressing cycle
An advantage of cold moulding is that the pressing cycle is much shorter than for hot
moulding. This is because there is no need for the resin to cure at this stage. A series
of tests was carried out to determine exactly how short, and at what pressure this
process should occur.
A. Pressure: Samples of DM1976 were pressed for 15 s at pressures of 10–60 MPa
in 7.5 MPa increments. It had been observed during preliminary tests that the com-
posite appeared well consolidated after 15 s. In contrast, the duration of the hot mould
press cycle for a full-size UIC 200 RURT brake pad is ∼8 min. This is because the
heat must penetrate the entire pad and cure the matrix resin during this process.
B. Duration: Samples of DM1976 were pressed at 30 MPa for 1–30 s, in 5 s in-
crements. This pressure was identified as the optimum pressure from the previous
experiment.
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C. Industrial scale: Full sized UIC 200 railway brake pads were pressed at 30 MPa
for 5 s. The formulation used for this test was DM2156, which was the ultimate
composite developed by this research.
5.1.2.5 Post-bake
To fully incorporate the ingredients within the composite matrix, the friction material
must be baked. A series of tests were carried out to determine the temperature and
duration of this process.
A. Temperature: Samples of DM1976 were post-baked at temperatures of 130–
210 ◦C for 3 h. This was the temperature range of curing identified in Section 4.2.1.
B. Duration: Samples of DM1976 were post-baked at 150 ◦C for durations from
10 min to 12 h. This temperature was identified from thermal analysis of S2501 resin
in Section 4.2.1. At this temperature, it was established that the resin would require
up to 12 h to achieve 100% cure.
C. Industrial scale: 3-point bend test specimens were machined from the centre
of full sized UIC 200 railway brake pads that had been post-baked at 150 ◦C for 3 h.
The formulation used for this test was DM2156, which was the ultimate composite
developed by this research.
5.1.2.6 Energy consumption
A major driver for this research was the development of a more energy efficient manu-
facturing process for brake pad production. Since all of the equipment used in manu-
facture was electrically powered, energy consumption was determined from the current
drawn by each piece of equipment throughout each stage of manufacture, according to
Joule’s law:
W = IV t (5.1)
where W is the total energy consumed, I is the current drawn, V is the operating
voltage, and t is the process duration. A ‘clamp’ type multimeter was used to measure
the current drawn. The clamp was placed around the electrical supply cable to each
piece of equipment and measurements were taken every 10 s for the duration of each
process. The mean value was used to determine the energy consumed.
Measurements were taken from pilot scale mixes of 10 kg batch size for both the
hot and cold moulding processes. The friction materials produced by each process were
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E308 and DM21565, respectively. This batch size was sufficient to produce 2 full sets
of UIC 200 brake pads (i.e. 8 pads).
Since this experiment was intended to reflect the energy consumed during normal
industrial operation, the measurements did not include start-up loads (e.g. the warm-
up period of a hot press, which is assumed to be always on). The energy consumed
by the hot press and post-bake oven was calculated from the current drawn by one
heating element whilst ‘on load’ and the duty cycle of this element during a 30 min
period. This was then scaled by the number of elements in each piece of equipment.
5DM2156 was the ultimate cold moulded material produced by this research (Section 7.2).
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5.2 Results and discussion
Owing to the novelty of the cold moulding process developed in this research, the
ability to manufacture a successful product was unproven and the optimum method
was unknown. Neither the equipment nor the materials had been employed in such
a way before. It was therefore essential to establish that the fundamental aspects
of manufacture were under sufficiently tight control to produce a consistent material
before progressing to tribological development of the composite. Only then could
observations and inferences made about friction and wear performance be reliably
attributed to changes in material formulation rather than manufacturing variation.
The results of this investigation are presented below.
5.2.1 Batch variation
The flexural strength data from control samples of DM1976 produced under standard
conditions (Table 5.2) on separate days over a period of one year is presented in Fig-
ure 5.3. A variation of ∼4% in mean flexural strength occurs between batches of the
same material produced on different occasions; the mean flexural strength and standard
deviation of the batches shown in Figure 5.3 are 13.3 MPa and 0.55 MPa, respectively.
Within each batch, there is a slightly greater variation—typically 0.78 MPa (∼6%).
Figure 5.3: Batch-to-batch variation of DM1976 produced under standard conditions
The distribution of the control samples is approximately normal—Figure 5.4 shows
a histogram of all 148 samples from the 10 separate batches fitted with a Gaussian
trendline; the coefficient of determination (r2) is 0.848.
Since this sample population is quite large, it provides a reasonable estimate of the
mean (13.4 MPa) and standard deviation (1.08 MPa) of the population comprising all
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Figure 5.4: Distribution of DM1976 control samples produced under standard conditions
composites made under ‘standard’ conditions with the formulation DM1976. By the
central limit theorem (for a sample size of 10), 99% of all sample means from such a
population should fall within the interval 12.5–14.3 MPa. Any samples of DM1976 that
have a different mean can therefore be assumed to belong to a different population: one
in which the processing conditions have caused a change in material properties. This
provided a benchmark against which to compare other samples produced by varying
the ingredients and/or the manufacturing process.
Discussion By producing control samples of DM1976 throughout a period of one
year, it was shown that there is some variation between batches of the same material
produced in the same way on different occasions. A statistical Analysis of Variance
(ANOVA) test reveals that this difference is significant at the 5% level (F = 6.491,
P < 0.001), i.e. that the variation between samples is much greater than that within
each sample. Considering the power of this test, the relatively large F value suggests
that the difference in means is not confined to just a few pairs of samples. This was
confirmed by a simultaneous comparison of means according to the Tukey model [395],
which showed that 10 pairs—at least 4 of which were mutually independent—exhibit a
significant difference at the 5% level. In short, the variation between batches is real and
intrinsic to the cold moulding process, subject to the (strong) degree of experimental
control employed in this research and the nature of the composite material.
There are many possible reasons why this level of variation between batches exists,
not least of which is that, although DM1976 is a simple formulation in terms of a
friction material, it contains many more ingredients than most structural composites.
Furthermore, these ingredients span a wide range of sizes and do not all bond well
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with the matrix, which itself is a minor component of the composite and produces
gasses as it cures. In addition, the cold moulding process has more steps than a typical
sheet or dough moulding process, which introduces greater opportunity for error. In
consideration of all these confounding influences, a typical deviation of ±4% between
batches seems acceptably small since it is comparable to that reported for batches of
‘traditional’ glass fibre reinforced composites [396].
The variation within each batch—which is approximately 6%—represents the degree
of control applied to the process variables which could be controlled (e.g. ingredient
quantity, mix timings, postbake temperature etc.). The magnitude and consistency of
this variation across all of the batches indicate that the process is under reasonably
tight control. Levene’s test for equal variance [395] is satisfied by the data from each
batch (P = 0.526).
Conversely, the variation between each batch represents the influence of the process
variables over which little or no control was possible (e.g. ambient temperature, raw
ingredient quality, resin age etc.). Statistical tests have shown this influence to be
significant (i.e. it does cause a measurable change in composite properties), but by
taking large samples from batches produced over a long period of time (12 months),
the range of its effect was established and deemed to be within acceptable limits. Thus,
although the batch-to-batch variation is significant, its magnitude is not important in
the context of a composite produced for tribological, not structural, performance. It
is shown in Chapter 7 that the friction and wear properties of a similar composite6 are
not affected by differences in flexural strength of this magnitude.
Since the total number of samples produced for this investigation is large and in-
cludes batches produced on many different occasions, it provides a reasonable estimate
of the mean (13.4 MPa) and standard deviation (1.08 MPa) of the population com-
prising all composites made under standard conditions with the formulation DM1976.
Therefore, the central limit theorem can be used to establish a critical range for the
means of samples from that population, but only if its distribution is normal. It was
shown that the this condition is satisfied by the fit of a Gaussian trendline to a his-
togram of the flexural strength data (r2 = 0.848). In addition, the dataset passes the
Shapiro-Wilk test [397] for normality (W = 0.993, P = 0.662).
The central limit theorem predicts that 99% of all samples of size 10 taken from such
a population will have a mean within the range 12.5–14.3 MPa. Therefore, samples
which have a mean outside of this range can be assumed to belong to a different
population: one in which the processing conditions have caused a change in material
properties. This provided a benchmark against which to compare other samples that
were produced with various differences in composition and/or manufacturing process.
6A composite with other fillers added to improve its friction and wear behaviour.
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5.2.2 Mixing
The mixing stage of cold moulding is fundamentally different from that used in hot
moulding and, as such, it was necessary to start from first principles with the investiga-
tion of this process. In cold moulding, mixing is a wet process in which the ingredients
are simultaneously blended together and incorporated into a continuous, uncured ma-
trix phase. Hot moulding uses a dry process to blend the ingredients together, but the
matrix does not become a continuous phase until the (hot) pressing stage.
The two processes are entirely different because the resins used for each have sub-
stantially different physical properties. In particular, the resin used for cold moulding
is an extremely viscous fluid—at room temperature it is essentially solid. The Reynolds
number (Equation 2.25) for mixing S2501 resin in a Banbury type mixer is ∼8× 10−5,
which indicates that flow is well within the laminar regime. To mix this resin in the
manner described, a high shear mixer is required. This type of mixer is conventionally
used for compounding rubbers or kneading bread dough and, as such, there are no
references to its use for mixing friction composites in the Literature.
One of the challenges in the mixing of cold mouldable friction composite materials
is to make the resin flow, without the application of external heat, such that it wets
all of the other ingredients (to form a continuous matrix) without being absorbed by
the fibres. Since the resin is highly viscous, mixing occurs entirely in the laminar flow
regime: there are no turbulent eddies to help blend the material. However, the resin
is pseudoplastic (i.e. ‘shear thinning’) so mixing can be achieved by the application of
large shear forces.
The matrix resin is a minor component of a friction composite (typically < 20%) be-
cause it has poor friction and wear properties. The bare minimum quantity is used: just
enough to bind together all of the other ingredients—which do the work of braking—
without catastrophic failure. This leaves little room for error in the mixing process.
5.2.2.1 Order
Initially, all of the ingredients were added to the mixing chamber together but this
jammed the mixer. To prevent this from happening it was necessary to add the pow-
dered ingredients separately from the resin and fibres, at a later stage in the process.
To improve the resin distribution, lumps of S2501 were first broken up into smaller
pieces (typically 5 mm) by mixing the resin alone for 1 min with the lid closed. By
adding the fibres next it was found that the resin would melt and flow under the
action of friction and viscous energy dissipation to produce a uniform mixture. All
of the (powdered) friction modifiers and fillers were then added to the chamber and
mixed until a homogeneous composite material was formed. It was found that this
state was achieved more quickly if the chamber lid remained open for a period after
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the powders were added. The appearance of the material at each stage of mixing is
shown in Figure 5.5. After stage 3, distinct, uniformly distributed phases of powdered
material and fibres are clearly visible, whereas no particular phase is discernible by eye
after stage 4.
Figure 5.5: Appearance of DM1976 after stages 1–4 of mixing
To ease the load on the mixer, the fibres were added in a stepwise fashion over a
period of 40 s; this was observed to have no significant effect on the distribution of
resin after stage 2.
In summary, a four-step ‘standard’ mixing procedure was established as follows:
1. Mix lumps of S2501 resin alone with lid closed. This crushes the lumps into
approximately uniform 5 mm granules.
2. Add fibres in a stepwise manner and continue to mix with the lid closed. Friction
between the resin and fibres generates the heat required for the resin to melt—this
is the most critical stage of the entire process.
3. Add powdered ingredients and mix with the lid open. Melted resin coats these
ingredients, which become uniformly distributed throughout the mixture.
4. Continue to mix with the lid closed. The action of high shear forces causes the
powdered ingredients to fully combine with the resin to form a homogeneous
composite material.
Discussion The S2501 resin used in this research was supplied in large, solid, brittle
lumps as large as 150 mm accross. Without first breaking these lumps into much
smaller pieces (∼5 mm) it was found that the distribution of resin within the fibre
network during stage 2 of mixing was highly uneven and the resultant composites were
inhomogeneous.
From this state, an extended period of mixing was required to achieve a more even
resin distribution, but it was shown later (in separate experiments) that protracted
mixing weakens the composite.
It was found that mixing the resin alone for 60 s was sufficient to crush it into pieces
small enough to blend with the fibres.
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The principle of the cold mould mixing process is to melt the resin and spread
it throughout the other components to incorporate them into a continuous matrix
phase. This is not possible if the powdered ingredients are added too soon because
they choke the mix. The interaction between the resin and fibres is critical to generate
the heat necessary to melt the resin. Differences in fibre morphology can therefore have
a significant effect on the mixing process.
Once the resin is well distributed amongst the fibres and sufficiently hot enough
to become sticky, it will mop up the powders when they are added. This increases its
viscosity and generates more friction in the chamber, causing the temperature to rise
further and promoting the flow of resin around the powders.
The resin–fibre mixture can combine with the powders more quickly if the chamber
lid is left open because the free volume at the top of the chamber allows the lumps of
material to tumble amongst fresh powder between each passage through the blades.
This promotes distributive mixing. It is thought that closing the lid too early is coun-
terproductive because it promotes the dispersive mixing process whilst the intensity of
segregation is still too great for this to occur.
When no free powder remains and the material has a uniform appearance the
lid is closed. With the chamber enclosed, the mixture is forced to pass through the
intermeshing blades more frequently. This raises the temperature even further and
enables the resin to form a continuous matrix around all of the other components.
The relative visibility of distinct material phases between stages 3 and 4 provides an
insight into the process occurring at each stage: stage 3 reduces the scale of segregation,
whereas stage 4 reduces the intensity of segregation. In other words: stage 3 is a
distributive process, whereas stage 4 is dispersive.
5.2.2.2 Duration
It was found that 60 s was sufficient to break the large lumps of resin into small granules.
Once the fibres were added, the resin particles became distributed throughout the fibre
network. Friction between the resin and fibres caused the temperature in the mixing
chamber to rise and, under the action of high shear forces, the resin began to coat the
fibres as it melted.
A trend was identified between fibre morphology7 (i.e. degree of processing) and the
time required for all of the fibres to become fully and evenly coated with resin: apart
from virgin hemp, the least processed8 fibres required longer to become fully wetted
(Table 5.5). A similar trend was identified with respect to fibre length.
The appearance of the resin-fibre mixture throughout this process is shown in Fig-
ure 5.6. However, composites produced with these extended timings were significantly
7See Section 4.2.2.6 for an explanation of fibre morphology.
8Fibre processing is explained in Section 4.1.2.1.
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weaker than those produced with the standard timings (Figures 5.7 and 5.8). The
Pearson product-moment correlation [395] between stage 2 mixing duration and com-
posite flexural strength is significant and moderately strong with respect to both fibre
morphology (r = −0.543, P < 0.001) and fibre length (r = −0.626, P < 0.001).
Allowing this stage of mixing to continue until the resin and fibres are homoge-
neously combined weakens the ultimate composite. This was attributed to a lack of
free resin available to wet all of the powdered ingredients, caused by excessive uptake
of resin by the fibres (either by absorption or by complete wetting of the fibre surface).
Table 5.5: Mixing required for resin/fibre mixture to become homogeneous
Fibre type Mixing
Length Morphology duration
(mm) (min)
3 Virgin 6:00
3 LR1 10:00
3 LR2 8:00
3 LR4 6:30
3 LR6 6:00
3 LR2 8:00
6 LR2 11:00
9 LR2 14:00
12 LR2 17:00
Figure 5.6: Appearance of the resin-fibre (3 mm LR2) mixture after mixing for 2–8 min
The duration of stage 2 of mixing is a critical parameter in the cold moulding manu-
facturing process: if it is too short, the material will be dry, dusty and inhomogeneous
because the powdered ingredients reduce the friction between the resin and fibres,
which prevents the resin from melting (Figure 5.9(a)); if it is too long the material
will also be dry and dusty because there will be insufficient free resin to wet all of the
powdered ingredients (Figure 5.9(b)). This sensitivity is illustrated in Figure 5.10 (for
6 mm LR2 hemp); the duration of stage 2 should be within the window 2:30–4:00 min.
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Figure 5.7: Effect of hemp fibre morphology on the flexural strength of DM1976
Figure 5.8: Effect of hemp fibre length on the flexural strength of DM1976
214
Manufacture of Friction Composites
Outside of this range the mean flexural strength is less than 12.5 MPa. After stage
2, the resin and fibres should only be partially mixed, and should have an appearance
similar to that shown in Figure 5.11(a) (compare with Figure 5.11(b) of fully wetted
fibres). At this stage, the resin/fibre mixture exists in large lumps which adhere to the
blades of the mixer.
(a) (b)
Figure 5.9: Appearance of DM1976 if stage 2 of mixing is: (a) too short, or (b) too long
Figure 5.10: Effect of stage 2 mixing duration on the flexural strength of DM1976
The surface of each lump becomes coated with powdered ingredients when they are
added at stage 3. This causes the lumps to break away from the intermeshing blades
and tumble between them instead—an action that incorporates the powders into the
mixture and exposes fresh resin to the free powders. This continues until all of the
powders have been incorporated, a process that takes much longer and produces weaker
composites if stage 3 is performed with the lid closed.
The addition of powders causes the material to break down into smaller (∼40 mm),
inhomogeneous lumps at first, but after ∼2 min no free powder remains and the ma-
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(a) (b)
Figure 5.11: Appearance of resin-fibre mixture after stage 2: (a) correct, (b) fully wetted
terial starts to recombine into larger pieces (Figure 5.12(a)) as friction causes the
temperature to rise further. No significant improvement in homogeneity was observed
beyond 3 min, at which point the lid was closed to begin stage 4. Fibre length had no
effect upon the time required for stage 3 to reach completion.
The composite mixture required a further 3 minutes of mixing to reach a fully
homogeneous state, discernable by appearance. At this point, the material had a
smooth, glossy texture, quite different from that observed during previous stages (Fig-
ure 5.12(b)); no single component could be distinguished from the bulk, and no patches
of ingredients remained uncombined.
(a) (b)
Figure 5.12: Appearance of composite mixture after: (a) stage 3 and, (b) stage 4
Discussion The previous experiments showed that it was necessary to break up the
lumps of S2501 resin before mixing them with the rest of the ingredients. This was
done by mixing the resin alone in the chamber for a short period. After 60 s, no further
change in particle size was observed, i.e. the particles were smaller than the clearance
between the mixing blades, and this was sufficient to improve the distribution of resin
within the composite.
When the hemp fibres were added, it was noted that differences in fibre morphol-
ogy had a marked effect on the time required for the resin–fibre mixture to become
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homogeneous. The virgin fibres were observed to mix more quickly than the processed
fibres, however they provide the least benefit in terms of reinforcement. These fibres
have a much larger aspect ratio and a lesser degree of fibrillation than the processed
fibres, so there are fewer of them per unit volume. This makes them less effective as
reinforcements, but does enable them to become coated with resin more quickly.
Otherwise, the shorter fibres and the more processed fibres required the least mixing.
This can be attributed to the greater number of fibrils per unit volume in these fibre
types (Section 4.2.2.7), hence the interaction between the resin and fibres was much
greater. In addition, the more processed fibres had a greater surface area : volume
ratio, which also increased the resin–fibre interaction. With respect to fibre length, it
is unlikely that this effect is related to the efficiency with which the fibres were able
flow through the mixing chamber because it was shown by DMA that fibre length has
no significant effect on the network properties, although this may not be true once the
fibres are coated with resin.
The greatest benefit, in terms of flexural strength, was provided by the fibres that
had been processed twice or more, whereas the mean flexural strength of the LR1
and virgin fibre samples fell below the 12.5 MPa lower limit of the baseline composite
population. All of the fibres remained sufficiently strong to withstand the powerful
mixing process, despite repeated processing.
However, the flexural strength of composites produced with material that had been
mixed until it was homogeneous after stage 2 was consistently weaker (by ∼15%)
than that of those mixed with the standard timings, irrespective of fibre length or
morphology. It was shown that, by the time that the resin–fibre mixture had become
homogeneous, the fibres had become saturated with resin, whereas they had absorbed
relatively little after just 3 minutes (Section 6.2.1.2). The processed fibres became
saturated more quickly because their diameter shrank with each process cycle.
By absorbing resin, the fibres prevent it from combining with the other components;
if they absorb too much, there is insufficient free resin available at stages 3 and 4 to
fully wet all of the other components and this reduces the integrity of the composite.
The availability of free resin is further reduced by the use of over-processed fibres, since
their total surface area increases with each process cycle. It is not possible to increase
the resin content to compensate for the shortfall because it has an adverse effect on
friction and wear performance (Section 7.2.2.1).
If the standard stage 2 mixing duration of 3 minutes is used, then there is no
significant correlation between composite strength and fibre morphology for samples
produced with LR2, LR4, or LR6 hemp (Pearson: r = −0.232, P = 0.074). Similarly,
there is no significant difference between composites produced with 3–12 mm hemp
(Pearson: r = −0.002, P = 0.985). It is proposed that this is because the composite
mixture is subjected to an aggressive mechanical granulation process after mixing,
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which determines the ultimate length of the fibres present in the pressed samples. This
is investigated further in Section 6.2.1.2.
The flexural strength of composites produced with extended stage 2 mixing times
follows a similar trend—albeit with lower absolute values—to that of those made with
the standard timings, except for samples containing the most processed (LR4 and LR6)
fibres. There is a significant negative correlation between fibre morphology and flexural
strength amongst these samples9 (Pearson: r = −0.685, P < 0.001).
The most processed fibres are more time-sensitive to mixing in terms of ultimate
composite strength. Since it has been established that fibre morphology has no sig-
nificant effect on composite strength if the standard timings are used, and that the
hemp fibres absorb resin if mixed for too long, it seems likely that the LR4 and LR6
fibres absorb more resin than the LR2 fibres and that the trend observed is caused by a
corresponding weakness of the matrix (i.e. because there is less resin available to bond
with the other ingredients).
Stage 2 of mixing is a critical parameter in the cold moulding process: small changes
in mixing duration can have a significant adverse effect on the integrity of the final
composite, particularly if short or overprocessed fibres are used. Overall, there is a
significant negative correlation between mixing time and flexural strength (Pearson:
r = −0.512, P < 0.001). It is possible, however, that mixing for an extended duration
raises the temperature in the mixing chamber further, leading to excessive resin flow.
Thus, the observed decrease in flexural strength may be a function of temperature
rather than time per se.
It was decided to use 3 mm LR2 hemp fibre for the remainder of this research
because it represents the greatest cost–benefit in terms of processing. Furthermore,
these fibres can be successfully mixed in 3 min at stage 2, but are reasonably insensitive
to fluctuations in this parameter, as was shown by mixing for 2:30–4:00 min without
appreciable reduction in flexural strength.
The lengths of stages 3 and 4 were unaffected by changes in fibre morphology
because the addition of ∼50%10 powdered material causes the resin–powder interaction
to dominate the mix mechanics.
5.2.2.3 Temperature
At the start of each experiment, the temperature of the mixing chamber was 10 ◦C.
This temperature rose steadily up to a limit of ∼58 ◦C as successive mixes warmed
the chamber. Consequently, the final temperature of the material produced also rose
steadily from 78 ◦C to 98 ◦C (Figure 5.13). This is below the onset temperature for
9Including LR2 fibre data.
10i.e. half of the total mix volume.
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curing of the S2501 resin (Section 4.2.1.2). The final temperature was approximately
the same, irrespective of whether stage 2 of mixing was extended to 8 min or not.
An altogether different trend is exhibited by the flexural strength data. When the
standard duration (3 min) was used for stage 2 of mixing, the mean flexural strength
of the composite increased from 12.8 MPa to 14.7 MPa over the first 3 mixes, but then
fell back to 12.8 MPa after 2 more mixes. When the duration of stage 2 was extended
to 8 min, the flexural strength of the first composite mixture was just 10.7 MPa and
successive mixes produced weaker and weaker composites; the mean flexural strength
of the fifth composite mixture was 7.40 MPa.
Figure 5.13: Flexural strength of consecutive mixes of DM1976
The temperature of the mixture at stage 2 during 5 consecutive mixes (with the
standard 3 min duration) is presented in Figure 5.14, which shows that the greatest
temperature rise was observed during the first 90 s of each mix. After 5 mixes, the
initial temperature of the ‘standard timings’ mixture (due mainly to the heat from
the chamber body) had risen to 50 ◦C and the final temperature tended towards a
constant value of ∼75 ◦C. The final temperature was the same irrespective of whether
the mixing duration was extended or not, but the initial temperature rose higher (to
58 ◦C) when extended mixing times were used.
When performing experiments in winter it was observed that moisture often became
condensed upon the lid of the mixing chamber during stage 2. Subsequently, this would
cause the mix to fail at stage 3 by forming inhomogeneous granules which would not
properly coalesce under pressure. This was attributed to the hydrophobic behaviour
of CNSL resin. The source of moisture was identified as hemp fibre, which is the only
component of DM1976 that contains a significant quantity of water (∼7%).
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(a)
(b)
Figure 5.14: Mixture temperature (a) during, and (b) before and after stage 2
If dry hemp was used the fibres absorbed too much resin during stage 2, which
caused the mixture to become dry and dusty, even with very short mixing times.
Discussion Temperature was considered an important variable in the mixing process
because it has a considerable effect on the viscosity of the resin (Section 4.2.1.5). In
principle, all of the heat required to soften the resin should come from viscous energy
dissipation by shearing the resin and from frictional heat between the resin, fibres, and
chamber walls during mixing. However it was deemed prudent to ascertain whether
the application of heat would yield a significant improvement in composite properties.
Furthermore, the ambient temperature in the laboratory during this research varied
between 10–27 ◦C (owing to seasonal temperature fluctuations) so it was important to
understand what effect this had on the composite. It was crucial that the temperature
of the material remained below 130 ◦C at all times to avoid premature curing of the
resin.
Although it was not possible to heat the mixing chamber by external means, the
temperature could be raised by performing successive mixes back-to-back: using the
residual heat from each previous mix to warm the chamber for the next. The ambient
temperature in the laboratory on the day of the experiment was 10 ◦C, which was
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expected to be the worst case scenario in terms of manufacture.
After 4 consecutive mixes, the final temperature of the composite material had
reached a constant value of ∼100 ◦C because a steady state condition had been reached
between the rate of heat generation in the mixing chamber and the rate of heat dissi-
pation to the environment.
Over the first 3 mixes, the mean flexural strength of the baseline composite increased
by 15% to 14.7 MPa as the temperature at stage 2 rose to 70 ◦C. At this temperature,
the viscosity of the resin is ∼280 kPa s (under low shear rates), which is almost 15×
lower than its room temperature viscosity (Section 4.2.1.5), but still extremely viscous.
To put this in perspective, 100 kPa s is the approximate viscosity of bitumen (at room
temperature) and golden syrup has a viscosity of ∼100 Pa s [398]. Nonetheless, it is
likely that the observed increase in composite strength is the result of improved resin
flow during mixing. Under the action of high shear forces, the viscosity may have been
reduced by a further 50%, or even more in regions of high local temperature.
As the bulk temperature rose above 70 ◦C, the composite became weaker again;
it is suggested that this is because the lower resin viscosity allowed fibres to become
over-wetted in the manner described in the previous section.
The increase in flexural strength over the first 3 mixes—which exceeds the upper
bound of 14.3 MPa for manufacturing variation—suggests that there is some genuine
benefit to mixing above ambient temperature. However, considering the magnitude
of the improvement against the cost of heating the mixing chamber, this benefit was
deemed insignificant. It is likely, though, that the broad range of composite strengths
noted in Section 5.2.1 was caused by fluctuations in ambient temperature.
As the temperature in the mixing chamber rose further, the flexural strength of the
‘standard’ composite became weaker again (mixes 4 and 5). This was attributed to
over-wetting of the fibres, caused by increased resin flow, in the manner described in
the previous section. Nonetheless, the flexural strength of these composites was within
the range of those produced under standard conditions.
Composites mixed for an extended period (8 min in the case of the 3 mm LR2
fibre mixture) at stage 2 were (again) consistently weaker than those made using the
standard duration (3 min). Furthermore, the magnitude of this weakness grew as
the temperature in the mixing chamber rose during successive mixes. This behaviour
suggests that the mechanism responsible for weakening the composite during prolonged
mixing is exacerbated by high temperature.
The temperature rise during stage 2 of mixing was the same irrespective of whether
it was extended to 8 min or not. Hence, it would seem that the flexural strength of
the composite is sensitive to the mixing duration of stage 2, and that this sensitivity
increases with temperature. Uptake of resin by the fibres is accelerated by increases in
temperature (owing to the corresponding decrease in resin viscosity), therefore a state
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of over-wetting or over-absorption is reached more quickly at higher temperatures.
The temperature rise during stage 2 is caused by friction and viscous energy dissipa-
tion. As the temperature rises, the viscosity of the resin falls, which in turn reduces the
friction (by promoting flow of the resin) and viscous damping, so the rate of heat gen-
eration eventually becomes constant. The temperature rise is therefore not expected to
be any greater if the mixing time is extended, provided that the rate of heat dissipation
from the mixing chamber also remains constant. In fact, it was noted that, at stage
2, the temperature rose quickly during the first 90 s, but much more slowly thereafter.
Further anecdotal evidence to support this theory is provided by the observation that
the current drawn by the mixer was considerably higher during the first 60 s of stage
2, after which it settled at a constant value.
This would explain why all of the mixtures reached a similar—albeit non-uniform—
degree of homogeneity after 3 minutes, regardless of the length or morphology of the
fibre used. However, it was observed that extending the duration of stage 2 caused the
temperature of the final composite mixture to increase. It is suggested that this occurs
for two possible reasons: (i) the more homogeneous resin–fibre mixture has a better
interaction with the powders at stage 3 and so generates more heat, and/or (ii) the
body of the mixer absorbs a greater quantity of heat, which penetrates more deeply so
it effectively becomes less conductive during stages 3 and 4.
The Pearson product-moment correlation between flexural strength and mixing
duration (r = −0.829, P < 0.001) is more than twice as strong as that between
flexural strength and mixing temperature (r = −0.364, P < 0.001). This confirms
that the mixing process is far more sensitive to time than temperature.
An effect that was observed to be temperature sensitive, however, was the conden-
sation of moisture on cool surfaces of the mixer body, particularly the underside of
the lid. If this moisture was allowed to re-enter the mix as liquid water, the material
would split into inhomogeneous granules that could not be further combined to form a
composite. Liquid water is immiscible with the hydrophobic resin because interfacial
tension resists the shear forces tending to blend the two together. In simple shear
mixing, there is a maximum viscosity ratio (between the two fluids), beyond which an
immiscible liquid droplet cannot be broken up. If the viscosity mismatch is low, then
an emulsion can be created with little difficulty, but if it is high the shear force required
tends to infinity [311].
Condensation can only occur if the surfaces of the mixer are below the dew point of
the warm air rising from the mixing chamber. Therefore, if the ambient temperature
is low, it may be necessary to warm the mixer first, perhaps by performing a ‘dummy
mix’ (e.g. by compounding a quantity of rubber for short period). The presence of
bound moisture within the hemp fibres does not affect the properties of the composite
because it is not available as a liquid.
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Since there is otherwise no significant benefit to mixing above room temperature,
and because the sensitivity to temperature is minimal if the standard timings are used,
it was decided to adopt these timings throughout the rest of this research.
5.2.2.4 Industrial scale
Table 5.6 presents the duration of mixing required for the composite mixture to achieve
a similar appearance at each stage of the process between batch scales. The times shown
in brackets are the charging periods, during which material was added to the mixer;
these are included in the total duration of each stage. It should be noted that, whilst
the smaller scale mixers were halted to add ingredients between stages (which was
performed in a stepwise fashion), this was not possible with the plant-scale mixer, so
ingredients were added during continuous mixing for the periods shown. It was noted
that the current drawn by the 10 kg mixer was >40 A during the first 60 s of stages 2
and 3, but thereafter it settled at ∼12 A.
It was necessary to extend the duration of stage 2—the critical stage—and stage
4 as the batch size was increased, but the duration of stage 3 remained constant. In
addition, the maximum temperature observed during mixing also increased with batch
size.
The flexural strengths of DM2156 material produced at the 1, 10, and 250 kg batch
scale were 16.5, 16.1, and 15.7 MPa, respectively. The variation in strength is within
5%, which was considered acceptable, and the absolute values are comparable to those
of other formulations containing a 25/75 hemp/aramid fibre blend produced at the
lab-scale (Section 6.2.1.1). All samples were granulated in the lab-scale granulator for
direct comparison with lab-scale mixes.
Table 5.6: Summary mixing schedule
Stage Duration (min)
1 kg 10 kg 250 kg
1 – 1:00 – 1:00 – 1:30
2 (00:40) 3:00 (1:30) 4:30 (7:00) 9:00
3 – 3:00 – 3:00 (1:00) 3:00
4 – 3:00 – 4:00 – 5:00
Total 10:00 12:30 18:30
Max. temp. (◦C) 78 92 114
Discussion Apart from a slight increase at the 250 kg scale, the duration of stage
1 remained constant. This was not unexpected because stage 1 is a crushing, rather
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than a mixing operation and the lumps of resin reach their ultimate size after just a
few passes between the blades.
The average speed difference between the blades in each mixer implies a 1 : 1.8 : 3.8
ratio of mixing duration between lab-, pilot-, and plant-scale batches. However, the
ratio at stage 2 was actually 1 : 1.5 : 3, and that at stage 4 was 1 : 1.3 : 1.7. Stage
3 remained constant. The difference between the ‘expected’ and observed values is
attributed to the influence of other parameters, not least temperature, which rose
36 ◦C higher at the plant scale.
It was necessary to extend stage 2 as the batch size increased in order to achieve a
similar degree of fibre wetting.
The duration of stage 3 remained constant, whereas that of stage 4 increased with
scale, yet no additional ingredients were added at stage 4. This is attributed to the
difference between the types of mixing that occur at each stage. Stage 3 is mainly a
distributive11 process in which the powdered components are apportioned throughout
the matrix phase, whereas stage 4 is predominantly dispersive: it causes the macro-
scopic composition of each portion to become more uniform. In other words, stage 3
reduces the scale of segregation, whereas stage 4 reduces the intensity of segregation.
Dispersion requires a more complex pattern of shear than distribution because the
striations created by laminar flow must be repeatedly upset to cause intricate co-
mingling of the mixture components. This is readily achieved by the figure-of-eight
motion with which the material passes through the mixing chamber—a motion that is
promoted by closing the chamber lid because the material is then unable to escape the
bite of the mixing blades.
It has been widely reported for other systems of polymers and fillers that mixing
comprises at least two stages—incorporation and dispersion—and that dispersion is
the rate-determining step of the process [309, 311, 399]. It is suggested that this is
why the duration of stage 4 was observed to increase with scale, whereas that of stage
3 remained constant.
The increases in mixing duration of stages 2 and 4 both follow a power law rela-
tionship with respect to batch size (Figure 5.15). It is reported in the Literature that
scaling of industrial mixing processes often obeys a law of this type [310] (Section 2.6.1,
Equation 2.26). A similar trend was observed with respect to temperature.
Whilst there is insufficient data from intermediate batch sizes to form a robust
quantitative relationship, it is encouraging to note that the nature of these correlations
appears to obey a power law because characteristic mixing parameters such as power
per unit volume, and heat transfer rate also obey such a law with respect to scale [313].
A property of power law relationships is that they are scale invariant. Thus, for a
function f(x) = axk, then scaling the argument x by a constant c yields f(x) = ckf(x).
11Distributive and dispersive mixing are explained in Section 2.6.1.
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Figure 5.15: Power law scaling of mixing parameters
Hence, all power laws with the same exponent k can be considered scale equivalents of
each other [400]. It is therefore interesting to note that, whilst the power law trends
of stage 4 mixing duration and maximum mixing temperature have similar exponents
(0.09 and 0.07, respectively), that of stage 2 mixing duration is significantly different.
It is suggested that this is caused by the influence of charging time (i.e. the time it
takes to load the chamber with material).
5.2.3 Granulation
Material is discharged from the lab-scale mixer in lumps at least the size of household
coal; the bigger mixers produce considerably larger slabs. These lumps must then be
pelletised to turn them into a form that can be moulded into a brake pad, which was
achieved by passing them through a hammermill. The pellets must be small enough
to coalesce under pressure and to allow precise measurement of the charge size for
moulding. The charge size is especially important where multiple cavity moulds are
used because a difference in material mass between cavities would cause a difference in
pressure when the mould is closed. Furthermore, the pellets must be able to form an
even distribution throughout each cavity to prevent localised pressure differences.
5.2.3.1 Temperature
The composite mixture could not be granulated whilst it was still warm because it
became smeared over the inside of the hammermill rather than breaking down into
granules. However, granulation was successful if the mixture was first allowed to cool
below 25 ◦C. Figure 5.16 shows the composite material after granulation.
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Figure 5.16: Appearance of DM1976 after (lab-scale) granulation
Discussion It is well established that most materials become more brittle at low
temperatures and it was clearly observed earlier in this research that lumps of S2501
resin can be broken into many pieces at room temperature. Hence, granulation was
far more successful if the composite mixture was allowed to cool to room temperature
before passing it through the hammermill.
5.2.3.2 Screen size
After granulating DM2156 through a variety of different screen sizes (Table 5.4) on an
industrial scale, there was a direct correlation between the size of the smallest screen
and that of the resultant granules: the granules were typically 30% smaller than their
corresponding screen dimension. The material granulated through screen combination
1 was the largest (typically 15–20 mm), whereas that granulated through combination
5 was a coarse fibrous dust. After pressing these materials into UIC 200 rail pads, there
was a clear trend between granule size and apparent consolidation, discerned visually
(Figure 5.17). The smallest granules produced the most well consolidated pads.
Figure 5.17: Close-up of UIC 200 brake pad surfaces produced with DM2156 granulated
through different screens. Clockwise from top left: 8 mm (lab-scale), 2.5 mm,
3 mm, 5 mm, 15 mm, 25 mm
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The material granulated with screen combination 5 appeared to be the most well
consolidated. It was confirmed that this composite was of a similar integrity to that
produced on a lab scale by a 3-point bend test (Figure 5.18), but the density and
strength of the material granulated through the larger screens were considerably lower.
Figure 5.18: Effect of granulator screen size on friction composite properties
Discussion The industrial granulator used for disintegrating the 250 kg batch mixes
was fitted with interchangable screens in a variety of sizes, so it was necessary to de-
termine which combination of screen sizes produced the optimum composite. This
was not as straightforward as matching the screen size with that used on the labora-
tory scale granulator because the mechanical action of the two machines was different
(Section 5.1.2.3). Furthermore, the pieces fed into the industrial granulator were con-
siderably larger and therefore would have a much longer dwell time inside the machine.
The laboratory scale granulator, which had a fixed size 8 mm screen, produced
material akin to that from the 15/2.5 mm screen combination of the industrial granu-
lator. Visually, these materials had an almost identical appearance when pressed and
exhibited similar strength and density characteristics: 15.7 MPa, 86.6% and 16.2 MPa,
85.8%, respectively. 2.5 mm was the smallest screen size available, so it was not possi-
ble to reduce the granule size further. By conducting a one-way ANOVA test [395], it
was shown that, at the 5% level, there is no significant difference in flexural strength
between the 8 mm lab-scale and 15/2.5 mm and 15/3 mm industrial scale samples
(F = 2.948, P = 0.069).
Composites pressed from larger materials exhibited a progressively lower trend in
density. The larger granules could not pack together as closely as the smaller ones,
which was evident when the mould cavity was filled (the smaller granules occupied
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less volume). When pressed, this created a higher degree of porosity in the composites
made from the larger granules. It is suggested that porosity was considerably lower
in the small granule composites because the flow distance required for the resinous
particles to coalesce was much shorter.
Since the 15/2.5 mm screen combination produced the strongest, most dense, and
most similar to ‘laboratory scale’ composites, it is recommended that this pairing is
used for full scale manufacture of cold moulded friction products.
5.2.4 Pressing cycle
To form a brake pad, the granules of composite mixture must be re-consolidated into
an appropriate shape. This is done by pressing a measured quantity of material in
a positive mould tool under an appropriate load. The pressure causes the resin to
flow so that the granules of composite material coalesce to form a homogeneous solid.
In the cold mould process, pressing is carried out at ambient temperature, hence the
resin does not cure. This makes it distinct from hot moulding, in which pressing is
performed at an elevated temperature (typically 170 ◦C) to initiate cure of the resin.
Prior to this investigation the optimum pressure and duration of the cold moulding
cycle were unknown.
At this stage of manufacture, the friction composite is also simultaneously mounted
to its backplate.
5.2.4.1 Pressure
The effect of moulding pressure on the flexural strength and density of the friction
composite is shown in Figure 5.19. As the pressure is increased, both the flexural
strength and density tend towards a limit value. At low pressures there is considerable
variation in the properties of the friction composite (illustrated by the error bars,
which represent the standard deviation) but, at pressures of 22.5 MPa or greater, this
is reduced to < 5%, which is within acceptable limits.
By conducting ANOVA (Tukey model) tests on successive groups of data12, it can
be shown that, at the 1% significance level, there is no significant difference between
the the mean flexural strength of composites pressed at 30 MPa or greater. At 30 MPa,
the density has a mean value of 88%. The limit value is ∼91%. A pressure of 30 MPa
was chosen for all future specimens.
Discussion The purpose of cold compression moulding is to form a continuous phase
from discrete particles by forcing them to coalesce. Coalescence requires plastic flow,
so the contact stress between neighbouring particles must exceed the yield stress of
12i.e. all groups, then all except 7.5 MPa, then all except 7.5 MPa and 15 MPa etc.
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Figure 5.19: Effect of moulding pressure on friction composite properties
the material for them to fuse together [314, 316]. Prior to this, the particles must
be brought into intimate contact, which occurs through rearrangement and elastic
deformation as the compressive load is increased.
The observed trend in composite flexural strength with respect to moulding pressure
is explained as follows: at low pressures (<22.5 MPa), the applied compressive load was
insufficient to cause plastic flow between the granules of composite mixture, resulting
in low flexural strength and high porosity. As the pressure was increased, the number
of contacts between each granule increased, and the void content was correspondingly
reduced, hence the higher bulk density of these materials. Once all of the contacts
had reached full plasticity the flexural strength tended towards a limit. Densification
continued until ∼45 MPa, at which point the material was ∼90% dense, where it has
been shown theoretically that the particle–particle contacts merge [316].
5.2.4.2 Duration
The mean flexural strength of the friction composite was found to be independent of
press cycle duration (Figure 5.20). At the 1% significance level, there is no significant
difference between the mean flexural strength of composites pressed at 30 MPa for
5–30 s. Furthermore, press cycle duration has no significant effect upon the density
of the friction composite; there is no benefit to pressing for longer than 5 s. This is
consistent with the results of Jayaraman et al., who showed that peak pressure dwell
time has no influence on the tensile strength of compacts, provided that the pressure
was greater than a certain limit value [401].
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Figure 5.20: Effect of moulding duration on friction composite properties
Discussion The duration of the moulding cycle was observed to have no significant
effect on the flexural strength of the composite, which indicates that the plastic flow
behaviour of the material is not time-dependent on this timescale. It has been shown
with PVdC powders that, at high moulding pressures, peak pressure dwell time has
no significant effect on mechanical strength of compacted parts [315]. Under such
conditions the evolution of heat at particle–particle contacts dominates coalescence
behaviour.
The independence of particle compaction from compression dwell time has signif-
icant implications for the industrial manufacture of brake pads: the hot compression
moulding cycle currently used to produce UIC 200 pads is 8 min long, whereas the cold
moulded equivalent could take less than 5 s
5.2.4.3 Industrial scale
Formulation DM2156 was successfully pressed into full-sized UIC 200 rail pads using
material from both laboratory scale and industrial scale batches (see Section 5.2.3.2).
No significant difference in overall density was observed between the two materials:
both were ∼2.04 g cm−3. However, it was noted that patches of the brake pad surface
were not well consolidated, particularly in the region surrounding the grooves, which are
a moulded feature (i.e. they are not added afterwards by grinding). This phenomenon
is typically associated with a poor distribution of granulated material within the mould
cavity; it occurred most frequently in formulations with a high aramid content and did
not occur in formulations which contained rubber.
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Discussion It was noted that UIC 200 pads exhibited poor consolidation in the
region surrounding the top edge of the moulded groove when made with formulations
containing aramid fibre, but not with formulations containing rubber. Formulations
containing rubber are more granular when disintegrated, whereas those containing
aramid fibre and no rubber tend to be more fibrous. The granular material is easier
to distribute easily throughout the mould cavity because it flows better. This reduces
the occurrence of localised high density regions that prevent neighbouring regions from
reaching full plasticity during compression, thereby impeding consolidation.
5.2.5 Post-bake
To cure the matrix resin, the pressed composite is post-baked in an oven. The tempera-
ture and duration of this process were determined for the pure resin by thermal analysis
in Section 4.2.1. The effect of these parameters on the integrity of the composite is pre-
sented below. One of the key differences from the conventional manufacturing process
is that the resin is completely uncured at this stage, so the composite is susceptible to
deformation from thermal stress and the evolution of gaseous reaction products.
5.2.5.1 Temperature
It was shown in Section 4.2.1 that S2501 resin begins to cure at ∼110 ◦C, although the
rate of cure is very slow at this temperature. The effect of post-bake temperature on
the flexural strength of samples DM1976 is shown in Figure 5.21. The strength of this
composite increases with respect to post-bake temperature in an asymptotic fashion,
reaching a maximum of 18.7 MPa at 190 ◦C. The maximum rate of change occurs
between 140 ◦C and 150 ◦C, at which temperature the flexural strength is 15.2 MPa.
Above 200 ◦C the flexural strength begins to decrease, although it was noted that the
stiffness of the composite continued to increase.
Discussion The rate of increase in flexural strength with respect to post-bake tem-
perature, which is attributed to cure of the matrix resin, was observed to reach a
maximum between 140 ◦C and 150 ◦C. This corresponds with the trends in rate of
cure observed by isothermal DSC and TGA analyses of the pure resin. Similarly, the
maximum flexural strength was achieved between 170 ◦C and 190 ◦C, which also corre-
sponds with data from thermal analysis of the pure resin. The asymptotic nature if the
trend in flexural strength at these temperatures indicates that the cure reaction has
reached completion. However, at 210 ◦C, there is a departure from this trend; the ob-
served decrease in flexural strength is attributed to thermal degradation of the matrix
resin (since it was shown that the reinforcement fibres survive to higher temperatures),
although it was noted that the stiffness continued to increase. This is attributed to the
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Figure 5.21: Effect of post-bake temperature on flexural strength of DM1976
formation of additional cross-links which accompanies thermal degradation.
In consideration of these results, it was decided that 150 ◦C was an appropriate
temperature to post-bake the composites for the reasons discussed in Section 4.2.1.
5.2.5.2 Duration
It was decided that the resin should be cured at 150 ◦C during the industrial manufac-
ture of friction composites (see Section 4.2.1). The effect of post-bake duration on the
flexural strength of DM1976 at this temperature is shown in Figure 5.22. Initially, the
increase in strength with respect to time is slow, but after ∼20 min it reaches its max-
imum rate of change. The strength of this composite then increases in an asymptotic
fashion towards a limit of ∼19 MPa, although the rate of change decreases significantly
after 90 min.
Discussion The slow initial increase in flexural strength is attributed to the relatively
low thermal conductivity of this composite (see Section 6.2.2.4). Thus, it represents
the time lag for heat to penetrate to the centre of the composite and cure the resin
throughout.
The asymptotic nature of the curve is similar to that observed for the pure resin by
DMA (Figure 4.34). After 3 h, the strength of the composite has reached ∼80% of its
final value, which provides a crude indication that the composite is ∼80% cured. In
DMA experiments on the pure resin it was noted that it had achieved ∼90% of its full
strength after 3 h. The difference is attributed to the influence of the other ingredients
in the composite material.
It was noted that the rate of change is significantly reduced after 90 min. This is
attributed to the effect of vitrification, when the cure reaction enters diffusion control.
232
Manufacture of Friction Composites
Figure 5.22: Effect of post-bake duration on flexural strength of DM1976
This occurs 25 min later than observed from DMA measurements of the pure resin,
which is attributed to the influence of the other ingredients in the composite, the lag
time for heat to penetrate the composite, and the difference in measured properties
between the two techniques.
However, the reaction continues until the resin is fully cured, which is apparent
from comparison of the flexural strength after 12 h at 150 ◦C (18.9 MPa) with that of
the sample cured for 3 h at 190 ◦C (18.7 MPa). Hence, vitrification does not prevent
the resin from reaching full cure at 150 ◦C.
From this data, it was decided that 3 h was an appropriate post-bake duration
for cold moulded friction composites based on S2501 resin, but this may need to be
extended for full-size UIC 200 brake pads, which are 50 mm thick. Although the
composite is only ∼80% cured after 3 h at 150 ◦C, it was shown that this has no
discernible effect on the tribological performance of the composite (Section 7.2.2.1).
5.2.5.3 Industrial scale
Full sized UIC 200 rail pads were successfully post-baked without significant cracking
or distortion (Figure 5.23). The mean flexural strength of specimens machined from
the centre of these pads was 14.5 MPa, which is comparable to those produced on a
laboratory scale (14.3 MPa, see Section 6.2.1.1).
Discussion It was shown that the flexural strength of specimens cut from the centre
of a full sized brake pad (after a 3 h post-bake at 150 ◦C) is comparable to that of
specimens produced on a laboratory scale. Hence, it is suggested that, although the
bulk material has an insulating effect at the start of the post-bake cycle, its thermal
mass is sufficient to complete the cure in the centre of the pad once it has finished.
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Figure 5.23: Post-baked UIC 200 brake pad (DM2156)
5.2.6 Energy consumption
The energy consumed in the manufacture of 8× UIC 200 brake pads is presented in
Tables 5.7 and 5.8 for the hot moulding and cold moulding processes, respectively.
It should be noted that the values quoted do not necessarily reflect the real power
required to perform useful work owing to the power factor of each piece of equip-
ment [402]. In all cases, the real power will be lower than that quoted because some
energy is returned to the Grid through capacitive or inductive effects. Nonetheless,
values quoted are entirely appropriate for the object of this research since they reflect
the total energy demand of each process.
It was logistically impractical to perform this experiment on a full scale industrial
production cycle, hence, it is likely that there will be economies of scale in terms energy
consumption for both processes. Nonetheless, the two processes considered here are
comparable because they each produced a 10 kg batch of material, which was sufficient
to make 8× UIC 200 brake pads.
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Discussion The mixing phase of hot mould manufacture is a two stage, 10 minute
process that consumes 510 kJ in total. This is approximately eight times less than the
four stage, 12 1/2 minute process used for cold moulding (which consumes 3.91 MJ in
total). This is because the two processes are fundamentally different. The high speed
mixer used for hot moulding blends together a mass of free-flowing solids, whereas the
high shear mixer used for cold moulding must initiate plastic flow of a highly viscous
resin. This is achieved by generating intense friction and shear force between the resin
and a robust processing fibre, which requires a high energy input.
After mixing, the cold mould composite is granulated, which adds a further 721 kJ
to the energy bill. Both materials are then weighed into appropriate measures for
moulding by their respective processes. This consumes 19.6 kJ in both cases.
Hot moulding is a two stage process. Before it can be inserted into a flash mould
for hot pressing, a measured quantity of material must first be compressed into a puck.
This ‘preforming’ process consumes 161 kJ.
The hot press cycle itself is 8 min long and and includes seven 10 s vent periods
in order to release gasses evolved from curing of the resin. This reduces the effective
duty cycle of the press to 99%. The hot press contains 8 elements, each of which draw
4.0 A when on load. During a 30 min period, these were observed to be on load for
411 s. Hence they have a 23% duty cycle.
The energy required to heat the press for 8 consecutive cycles is 12.4 MJ. Similarly,
the hydraulics required to operate it consume a further 10.2 MJ. In total, the hot
pressing operation requires 22.6 MJ of electrical energy, including that consumed whilst
loading and unloading the mould. In contrast, the much shorter cold pressing cycle
consumes just 943 kJ to produce the same number of pads in one tenth of the time
required for hot moulding. This represents an energy saving of 2,400%.
Once pressed, both types of pads are post-baked in an oven for 3 h, which consumes
5.48 MJ (including the warm-up period).
Overall, the hot moulding process consumes 28.7 MJ of electrical energy, whereas
cold moulding requires just 11.1 MJ. Although the cold mould mixing process is much
more energy intensive than its hot mould counterpart, this cost is far outweighed by
the energy savings gained by cold pressing. Neglecting the post-bake stage, which is
common to both processes, cold moulding is 3.5× faster and uses 4× less energy than
hot moulding at the 10 kg batch scale.
5.2.7 Summary
A summary of the optimum process parameters for cold moulding is presented in
Table 5.9. All of the composites produced during tribological development of the
formulation (Chapter 7) were made under these conditions.
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Table 5.9: Summary of cold mould manufacturing parameters
Parameter Batch size Unit
1 kg 10 kg 250 kg
Mixing duration
Stage 1 1:00 1:00 1:30 min
Stage 2 3:00 4:30 9:00 min
Stage 3 3:00 3:00 3:00 min
Stage 4 3:00 4:00 5:00 min
Granulation
Screen size 8 8 15/2.5 mm
Temperature < 25 < 25 < 25 ◦C
Cold pressing
Pressure 31 31 31 MPa
Duration 5 5 5 s
Post-bake
Temperature 150 150 150 ◦C
Duration 3:00 3:00 3:00 h
238
Manufacture of Friction Composites
5.3 Conclusion
Because the cold mould manufacturing process was new and untested, it was sought
to achieve a tight degree of control over the process variables before developing the
composite formulation. It was identified that some variation exists between different
batches of the same material, but this was found to be within acceptable limits. It was
attributed to the complexity of the material formulation and seasonal variations in the
environment of the industrial laboratory.
The mixing process—which is fundamentally different from that used in the con-
ventional manufacture of brake pads—was identified as the most critical stage of cold
moulding. A 4-step method was developed, in which step 2 was observed to be the
most sensitive to process variations and, as such, was investigated extensively.
The interaction between the resin and fibres during step 2 of mixing generates the
heat necessary to melt the resin. It was noted that changes in fibre morphology had
a significant effect on the outcome of this process. The shortest and most processed
fibres required the least mixing to create a homogeneous blend with the resin. This
was attributed to their increased degree of fibrillation and surface area : volume ratio.
However, it was noted that the mixture should not be homogeneous after stage 2
because this caused the fibres to become over-wetted and to absorb too much resin too
early in the process, such that the resultant composites were significantly weaker.
Both the mixing duration and mixing temperature were investigated as possible
causes of this over-wetting but it was established that the process was far more sensitive
to time than temperature. A small increase in composite strength was noted if the
mixing chamber was preheated, but this was not significant enough to warrant the cost
or energy consumption of doing so.
Overall, it was concluded that 3 minutes was the optimum duration for stage 2 and
that 3 mm ‘LR2’ hemp fibres were the least sensitive to fluctuations in this process.
On an industrial scale (250 kg), the mixing process was successfully scaled up to
replicate the performance of the composites produced in the laboratory. The scaled-
up timings were somewhat shorter than those predicted by theory, although they did
follow a power law relationship. This was attributed to differences in mixer geometry
and operating speed; the influence of bulk temperature; and the challenges of handling
bulk quantities of material.
Once mixed, the composite material was granulated so that it could be moulded into
brake pads. It was found that a combination of 15 mm and 2.5 mm screens produced
the most well consolidated composites when the material was moulded. This was most
successful if performed at room temperature.
It was found that the strength and density of the composites tended to a limit if
they were moulded at a pressure of 30 MPa or greater, hence this pressure was chosen
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as the optimum for cold moulding. In contrast, the duration of the pressing cycle
was found to have no effect on these properties so it was possible to produce a full
strength composite in less than 5 s, which is ∼100× faster than the current hot mould
process. It was also noted that the presence of rubber in the formulation improved the
consolidation of the brake pads.
Moulded composite specimens were successfully cured in a standard oven without
significant distortion. Trends in the flexural strength of these specimens were found
to correspond well with those observed for cure of the matrix resin by thermal analy-
sis. Although the composites baked at 170–190 ◦C were stronger, it was found that a
post-bake of 3 h was sufficient to achieve the necessary degree of cure for acceptable
tribological performance (with an appropriate safety margin). In addition, these con-
ditions were compatible with specimens produced by the conventional manufacturing
process.
In summary, it was found that the process parameters listed in Table 5.9 represented
the optimum conditions for manufacturing friction composites by cold moulding. An
investigation showed that this process was 3.5× faster and used 4× less energy than
hot moulding at the 10 kg batch scale.
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Friction Composite Analysis
In Chapter 5 it was demonstrated that a composite could be manufactured successfully
with the raw materials and process parameters identified in Chapter 4. However, the
properties of this composite were largely unknown. Since a friction material is a safety
critical component, it is vitally important to understand how it will behave in response
to mechanical and thermal stresses. This chapter investigates the effect of such stresses
upon the composite and the way that various raw materials influence its response.
It should be noted that the work presented in this chapter was performed through-
out the development of the manufacturing process (Chapter 5) and friction composite
formulation (Chapter 7). The results from this work were fed back into the development
process.
6.1 Methods
The properties of the cold moulded friction composites developed in this research were
compared with those of the current market material, E308, which was known to have
acceptable mechanical and tribological performance. This section presents the methods
used to determine the thermal and physical properties of selected composite formula-
tions, which are summarised in Table 6.1 (these are presented in full in Section 7.1.4).
In addition, the influence of various reinforcing fibres was investigated using formula-
tion DM1976 as a baseline.
Where appropriate, the difference between pairs of samples was analysed using
a two-tailed t-test and differences between multiple samples were analysed using an
ANOVA test. Correlation was assessed upon the strength of the Pearson product-
moment correlation coefficient and regression was performed by the least squares
method. All of these tests can be found in Reference [395].
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Table 6.1: Composite formulations selected for analysis
Formulation Description
E308 Current market material
DM1976 Simple formulation used for process development
DM1988 Initial friction formulation—cold moulded analogue of E308
DM1997 DM1988 with 25/75 rayon/aramid instead of hemp fibre
DM2065 Friction formulation with low wear rate but poor friction
DM2156 Final friction formulation with acceptable tribological performance
6.1.1 Mechanical and physical properties
The mechanical properties of the friction composites were examined to establish
whether the addition of further ingredients to the basic formulation DM1976 had had
a detrimental effect on their integrity. It is important that a brake pad is sufficiently
flexible and compressible to make good contact with the brake disc, yet strong enough
to withstand the rigours of both day-to-day and emergency use.
6.1.1.1 Flexural strength
Friction material formulations were compared in terms of flexural strength, which is an
established technique for the measurement of composite integrity [403]. Each material
was tested using a 3-point bend test performed in accordance with ISO 14125:1998
using 25 mm wide specimens.
3-point bend specimens were produced by cold moulding with a 25×80 mm mould.
This size was chosen (from Annex A of the standard) to ensure that each specimen was
representative of the material in a full-scale brake pad. Samples were moulded slightly
thicker than the prescribed 4 mm, and ground to size after post-bake. For confidence,
each batch of test specimens contained at least 10 pieces.
Specimens were tested using a Lloyd Instruments EZ20 mechanical tester equipped
with a 3-point bend jig of 64 mm span. Each sample was deflected at a rate of
2 mm min−1 with a cylindrical indenter of radius 5 mm acting at the mid-span. The
corresponding load was measured with a 500 N load cell and the test was continued until
fracture, which was defined as a 40% drop in flexural stress. The test was deemed valid
if a tensile fracture occurred on the underside of the specimen. The same procedure
was used to test the composites produced for Chapter 5.
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6.1.1.2 Extraction and examination of fibres
To determine the effect of the mixing and granulation stages of manufacture upon the
morphology of the hemp fibre1, samples of fibre were extracted from the composite
mixture after each of these stages. The extraction was performed by dissolving the
resin in a stirred vessel of hot acetone for 5 min. The fibres were then filtered out of
the solution and allowed to dry for 24 h in ambient conditions.
Single fibres were examined by light microscopy in both bright field reflectance and
dark field transmission modes at magnifications of 30–160×.
6.1.1.3 Dynamic Mechanical Analysis
The elastic properties of the cured friction composites were analysed with a Mettler
Toledo DMA/SDTA861e operating in shear mode. 8 mm diameter discs of 4 mm
thickness were produced by cold moulding and subjected to a continuous oscillation of
0.1 N amplitude at 1 Hz from 50 ◦C to 500 ◦C at 3 ◦C min−1. It was confirmed that
the force–displacement relationship was linear for an oscillation of this magnitude by
performing a force sweep of 0.5–10 N at 25 ◦C.
To examine the structural integrity of the composites with respect to temperature,
they were also tested in compression mode. 5 mm cubes of material were cut from
cured composites and subjected to a continuous oscillation of 3 N amplitude at 1 Hz
from 50 ◦C to 500 ◦C at 3 ◦C min−1.
6.1.1.4 Hardness and compressibility
Conventional measures of material hardness (Brinell, Vickers etc.) are not valid for
friction composites because they test only a tiny region of the material, which is not
representative of the bulk (since it contains a variety of particulates of different hard-
nesses). The Gogan hardness test, which was developed specifically for friction com-
posites, however, evaluates a much larger area and therefore provides a more accurate
measure of friction material hardness.
Gogan hardness tests were performed in accordance with SAE J379:2009, except
that a Lloyd Instruments LR300K mechanical testing machine was used in place of a
dedicated Gogan hardness tester. Preliminary tests showed the ‘C’ scale to be most
appropriate because this returned HG values in the middle of the 60 unit range. The
C scale prescribes a cylindrical steel indenter of diameter 19.05 mm to be loaded with
minor and major loads of 4.9 kN and 14.7 kN respectively.
1The use of micro-CT scans for this purpose was investigated, but it was not possible to distinguish
between the fibres and matrix of the composite, even when the fibres were doped with iodine. This
was because it was necessary to use a relatively high x-ray intensity to penetrate the more dense filler
phases.
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Each friction material was cold moulded, under standard conditions, into an
EDB143 configuration (see Section 3.3) without a backplate. After post-bake, the
specimens were ground to a uniform thickness of 15 mm. For hardness tests, each
specimen was mounted on a steel gauge block and indented 6 times at different
locations across its surface, spaced apart by at least 6 mm. For confidence, 3
specimens of each friction material were tested.
6.1.1.5 Density
It is important that the actual density of a friction material, when pressed, approaches
its theoretical density (i.e. that calculated from the densities of its constituents). To
determine the density of the friction materials produced for this research they were
weighed first in air, and then in water. The density was calculated from Equation 6.1.
ρsample =
(
Wair
Wair −Wwater
)
ρwater (6.1)
where ρsample and ρwater are the densities of the sample and of water, respectively, and
Wair and Wwater are the weights of the sample in air and in water, respectively.
6.1.1.6 Light microscopy
Cured friction composites were examined by light microscopy in dark field reflectance
mode to identify the spatial distribution of ingredients within the composite. In par-
ticular, this technique was used to distinguish the location and orientation of organic
fibres within the composite matrix, since these cannot be resolved by Energy-dispersive
X-ray analysis (EDX) (see Section 6.1.1.7). Images of the normal surface and of cross-
sections through the composite were captured at 160× magnification.
Specimens of 25 × 25 × 10 mm were cut from fully cured friction composites and
mounted in Struhers Durofix thermoset resin. These were then ground, polished with
diamond paste, and cleaned in an ultrasonic bath of isopropanol for 10 min.
6.1.1.7 Scanning Electron Microscopy
SEM, in conjunction with Energy Dispersive X-ray Analysis (EDX), was used to con-
firm the spatial distribution of fillers and friction modifiers within the composite matrix.
Elemental maps of key elements were produced to establish the locations of certain in-
gredients (e.g. barium sulphate or magnesium oxide). The SEM images were used as
a baseline for comparison with samples from friction and wear tests. Fractured sam-
ples from 3-point bend tests were also examined for evidence of fibre pull-out from the
composite matrix.
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6.1.1.8 Formulation
During this research, several observations were made regarding the effect of various
ingredients upon the physical form of the composite mixture since these can have a
marked effect on the ability to manufacture it successfully.
6.1.2 Thermal properties
The composite bulk of a brake pad has been described as a ‘warehouse’ that supplies
the components necessary to form a friction film at the braking interface [31]. This
film is of critical significance to the tribological performance of a brake pad and, by
this analogy, its components are formed by complex chemical reactions between the
ingredients of the composite. The thermal properties of the materials produced for
this research were examined to determine whether any significant chemical reactions
occurred that might affect their braking performance. Of particular interest were the
thermal degradation characteristics of the organic components.
6.1.2.1 Differential Scanning Calorimetry
Samples of ∼40 mg were contained in 40 µl aluminium crucibles fitted with a pierced
lid and heated from 25 ◦C to 500 ◦C at 10 ◦C min−1 in atmospheres of both nitrogen
and air (separately), purged at 50 ml min−1.
To investigate the possible flame retardant activity of magnesium oxide, a sample
of S2501 resin was blended with magnesium oxide in the same proportions as DM2156.
This was then diluted with alumina (which was assumed to be inert) to represent the
rest of the composite bulk.
6.1.2.2 Thermogravimetric Analysis
Samples of ∼40 mg were contained in 85 µl open alumina crucibles and weighed to
a precision of 1 µg using the internal balance of the TG 209 instrument. These were
heated at a rate of 10 ◦C min−1 and the experiment was performed in atmospheres
of both nitrogen and air (separately), purged at 50 ml min−1. Correction tests were
performed to compensate for the effects of sample buoyancy and thermal expansion of
the measurement system.
6.1.2.3 Thermomechanical Analysis
The thermal expansion behaviour of the composites was measured by Thermomechan-
ical Analysis (TMA). Cubic samples of ∼6 mm were cut from cured composite speci-
mens. These were mounted beneath a fused silica disc and heated from 30 ◦C to 700 ◦C
at 3 ◦C min−1 in a Mettler Toledo TMA 40 instrument. The sample thickness was
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monitored to a precision of 0.1 µm with a hemispherical glass probe held in place by a
normal force of 0.02 N.
Correction tests were also performed to isolate changes in sample dimensions from
thermal expansion of the measurement system.
6.1.2.4 Thermal conductivity
There are several different ways of measuring the thermal conductivity of a material,
but the majority of these are inappropriate for friction composites because they require
small specimens that would not be representative of the bulk material.
The ‘guarded hot plate’ method was chosen for use in this research because it does
enable representative samples to be tested in a steady state condition. The experimen-
tal setup was a modified version of that prescribed in ISO 8302:1991; it is shown in
Figure 6.1.
(a) (b)
Figure 6.1: Thermal conductivity measurement: (a) schematic cross-section of the guarded
hot plate apparatus, and (b) experimental setup (shown with insulating guard
removed for clarity)
A 64 mm sample of ∼20 mm thickness was sandwiched between two copper plates
of the same diameter. The lower plate was placed on an electrically heated hot plate,
whilst the upper one was exposed to an airflow of ∼1.5 m s−1. A close-fitting (but
not touching) guard was used to insulate the sample and the lower plate from this
airflow. Silicone heat transfer paste was used to ensure good thermal contact at each
interface and the temperature gradient across the sample was monitored by a pair of
thermocouples. The temperature of the lower interface was maintained at 150± 3 ◦C.
Once a steady state condition has been achieved (i.e. T1 and T2 are constant), the
rate of heat conduction into the sample from the lower copper plate must be equal
to that dissipated by convection from the upper plate, assuming that other losses
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are negligible. The thermal conductivity of the sample is then proportional to the
temperature difference between its lower and upper surfaces.
The rate of heat dissipation, Q˙, from the upper copper plate can be determined
from its cooling curve with no sample present, thus:
Q˙ = cm
dT1
dt
(6.2)
where c is the specific heat capacity of the copper plate and m is its mass. The thermal
conductivity, k, of the sample can then be determined from Fourier’s law:
k =
Q˙x
A∆T
(6.3)
where A is the surface area of the specimen and x is its thickness.
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6.2 Results and discussion
The mechanical and thermal properties of selected cold moulded friction composites
are compared with those of the current market material in the following sections. These
properties are discussed with reference to the individual material characteristics ob-
served in Chapter 4 and their effect on tribological performance observed in Chapter 7.
6.2.1 Mechanical properties
The mechanical properties of the friction composites were compared with those of the
current market material, which was known to have acceptable performance, because it
was essential that they should be able to withstand the stresses and strains of end use.
6.2.1.1 Flexural strength
Flexural strength was used as a measure of composite integrity to gauge how well
the individual phases of the material were anchored within the matrix. This was
a particular concern because the quantity and variety of fillers added to a friction
material are much greater than those in typical structural composite. The following
paragraphs describe the influence of particular formulation variables upon the flexural
strength of cold moulded friction composites.
A. Hemp fibre The influence of hemp fibre morphology on composite strength
(using the manufacturing conditions established in Section 5.3) is shown in Figure 6.2.
The virgin fibres produce a composite with a strength of 9.43 MPa, whereas the LR2
fibre composite has a strength of 13.0 MPa, which is within the acceptable limits
defined in Section 5.2.1. Thereafter, there is no significant correlation between the
extent of fibre processing and composite strength (Pearson: P > 0.050). The modulus
of the virgin fibre reinforced composite was 0.76 GPa, whereas those reinforced with
processed fibres had moduli within the range 1.6–1.9 GPa.
Similarly, Figure 6.3 shows that there is no significant correlation between hemp
fibre length and composite strength (Pearson: P > 0.050).
Typical stress–strain curves for the composite DM1976 reinforced with virgin and
processed hemp fibre are shown in Figure 6.4. Although weaker and less stiff, the virgin
fibre samples exhibit considerably greater deflection at break and retain 40% of their
strength up to a deflection of 3.2 mm. In contrast, the processed fibre sample retains
this strength only until 1.9 mm.
Discussion The results of the flexural strength tests on composites reinforced
with processed hemp fibres are consistent with the findings from manufacturing trials
(Section 5.2.2.2) and those from analyses of the fibre itself (Sections 4.2.2.6, 4.2.2.7,
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Figure 6.2: Effect of fibre morphology on the flexural strength of DM1976
Figure 6.3: Effect of fibre length on the flexural strength of DM1976
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Figure 6.4: Stress–strain behaviour of DM1976 reinforced with virgin and processed hemp
and 4.2.2.8). The virgin fibres provide inadequate reinforcement compared with the
processed fibres, which make the composite 40% stronger, and more than twice as stiff.
This is attributed to the increase in fibre fineness and fibrillation caused by processing
the virgin fibres which removes the weaker components from the fibre bundles and
makes the resultant fibres stronger. It also increases the surface area of the fibres and
the number of fibres per unit volume. Together with the increased branching observed
in the processed fibres, this enables them to become more securely anchored in the
composite matrix, resulting in a stronger and stiffer composite.
The improvement in composite properties is most significant with the use of fibres
that have been processed twice. Further processing yields less additional benefit. This
is consistent with the analysis of the individual and bulk fibres, which showed that
the change in fibre morphology was also most significant during the first two process
cycles.
Within the range investigated, fibre length was observed to have no effect on com-
posite strength. It was noted earlier that fibre length had little effect on the properties
of the bulk fibre network (Sections 4.2.2.8 and 4.2.2.7), but it is suggested that the ma-
jor influence on composite flexural strength is the granulation stage of cold moulding.
It is shown in Section 6.2.1.2 that the fibre length is maintained during mixing, but
that this is not the case during granulation of the composite material. The granulation
process is extremely aggressive and it continues until the lumps of composite mixture
are small enough to pass through the exit screen of the granulator. Therefore, it is
believed that the ultimate fibre length is governed by the size of this screen.
However, an improvement in composite strength was noted with respect to fibre
processing. This suggests that the granulation process has a greater effect on fibre
length than on its morphology. In addition, it is suggested that the observed increase
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in composite strength was also due, in part, to an improvement in adhesion between
the processed fibres and the resin matrix.
The shape of the stress–strain curves of DM1976 is indicative of ductile fracture.
The virgin fibre reinforced sample exhibits greater ductility than that of the processed
fibre sample, but it is considerably less stiff and much weaker. This is attributed to
poor bonding of the virgin fibres with the composite matrix.
B. Fibre blends When the hemp reinforcement fibre was blended with aramid, a
maximum 18% increase in flexural strength was observed (Figure 6.5). However, there
is no significant difference between the 25/75 and pure aramid samples.
Figure 6.5: Effect of hemp/aramid blend ratio on the flexural strength of DM1976
Discussion The use of aramid fibres blended with hemp caused the flexural
strength of the composite to increase by 18%. This is attributed to the greater strength
of aramid fibre compared with hemp. The simultaneous reduction in variation between
samples is attributed to the more uniform nature of the synthetic fibres.
Since there is little difference between the flexural strength of the 25/75
hemp/aramid blend and that of pure aramid, it is suggested that the aramid fibre
dominates the mechanical properties of the composite at high concentrations.
C. Synthetic fibres During tribological tests, it became necessary to supplement
hemp fibre with aramid to improve the wear performance of the cold moulded mate-
rials (Section 6.2). It was not possible to use the aramid fibre pulp used in conven-
tional manufacture because this has an excessively high surface area : volume ratio
(Section 4.2.2.7) and it was shown that such fibres absorb too much resin during man-
ufacture (Section 5.2.2.2). Instead, a longer ‘staple’ aramid fibre was used, and this
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was blended with the hemp prior to incorporation in the mix. As a tribological perfor-
mance comparison with hemp, a synthetic cellulose fibre (rayon) was also used in one
composite formulation.
Compared with hemp, the composite reinforced with rayon has similar flexural
strength, but exhibits less variation between samples (Figure 6.6). The composites
reinforced with pure aramid are 18% stronger, but there is no significant difference
between the virgin and recycled aramid fibre in terms of reinforcement (t = 0.874,
P = 0.394). These samples also exhibit less variation than those produced with hemp.
Figure 6.6: Flexural strength of DM1976 composites reinforced with synthetic fibres
Discussion Recycled aramid produced the same degree of reinforcement as virgin
aramid, which suggests that it may me a more environmentally friendly alternative for
use in this application.
Rayon fibres offered no benefit over hemp in terms of reinforcement, although these
samples did exhibit lower variance, which was associated with the use synthetic fibres.
D. Friction formulations The stress–strain behaviour of the current market fric-
tion material, E308, is compared with a cold moulded analogue of that material,
DM1988, in Figure 6.7. The other two curves shown are for cold moulded friction
materials with superior friction properties to DM1988. All samples represent the typ-
ical behaviour of these composites.
E308 has a flexural strength of∼26 MPa, which is twice that of DM1988 (∼13 MPa),
but it fails by brittle fracture. DM1988, and all of the cold moulded friction materials
fail in a much more ductile fashion, although they are weaker and less stiff. The area
beneath each curve, which is a measure of toughness, is presented in Table 6.2. The
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Figure 6.7: Stress–strain behaviour of selected friction composites in flexure
cold moulded materials are all considerably tougher than the current market material,
i.e. they absorb more energy during fracture.
Table 6.2: Flexural toughness of selected friction materials
Formulation Work to
fracture
(MJ m−3)
E308 11.5
DM1988 20.6
DM1997 22.2
DM2156 14.1
The average flexural strength of these composites, from batches of 10 samples of
each material, is shown in Figure 6.8. DM1988 has a similar strength to DM1976,
although it exhibits greater variation between samples. DM1997, which is reinforced
with a blend of rayon and aramid fibres, exhibits a 26% greater flexural strength.
Both DM2065 and DM2156, which are very similar formulations, have a strength
of ∼14 MPa. Although these are also reinforced with an aramid fibre blend, the total
fibre content has been reduced to 15%. All of these materials, which contain 10 or
more ingredients, exhibit greater variation than the ‘simple’ formulation DM1976.
Discussion The current market material, E308, is almost twice as strong and
3.5× stiffer than its cold moulded equivalent, DM1988, but it is not nearly as tough.
DM1988 exhibits 2.5× greater toughness than E308. It is suggested that this is indica-
tive of the work required to tear a fragment from the composite matrix to form a wear
particle during use.
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Figure 6.8: Flexural strength of selected friction composites
The ductile fracture of DM1988 is typical of all cold moulded composites, irrespec-
tive of composition or type of reinforcement fibre. Hence, this behaviour is attributed
to the CNSL-based resin, which has been shown to be more flexible than conventional
phenol–formaldehyde resins [41].
The lower ductility of formulations DM1997 and DM2156, compared with DM1988,
is attributed to the greater variety of fillers that these materials contain. A similar trend
was observed in the variation of flexural strength within these samples (see below).
DM2156 is weaker than DM1997 because, although it contains a similar reinforcement
fibre, the total quantity has been reduced by 10%.
Although the flexural strength of the cold moulded friction composites is less than
two thirds that of the current market material, there is good consistency between
similar formulations. This indicates that the manufacturing proces is well controlled
and that adjustment of the filler content does not have a detrimental effect on composite
integrity. This is essential for a friction composite, since many such adjustments have
to be made to tailor the friction and wear performance for specific applications.
Despite the apparent weakness of the cold moulded materials, it was shown that
they comfortably pass the minimum shear strength requirement (Appendix A.2).
6.2.1.2 Extraction and examination of fibres
The appearance of 3 mm LR2 fibres after mixing with resin for 3 min and 8 min is
shown in Figure 6.9. The reddish-brown colour is caused by the resin. In dark field
mode, the transparency and inner structure of the 3 min fibres is clearly observed,
whereas this is obscured by the resin in the 8 min fibres. Overall, the 8 min fibres have
a much darker appearance and contain considerably more resin.
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(a) 160× (b) 160×
(c) 160× (d) 160×
Figure 6.9: Dark field optical micrographs of extracted hemp fibre after mixing with resin for
(a) & (b) 3 min, and (c) & (d) 8 min
When observed at lower magnification in bright field mode (Figure 6.10), the 3 min
fibres have a similar appearance to those that have not been mixed at all (Figure 4.59).
Both fibres have approximately the same length and width, and both exhibit a similar
degree of branching. In addition, the finest fibrils are still visible after it has been
mixed.
In contrast, after granulation, the length of the fibres has been significantly reduced
and the distribution of lengths has become much more uniform. The average trunk fibre
length is now 3–4 mm. Furthermore, many of the fibril branches have been removed
from their trunks and now exist as discrete members of a much less reticulated network.
The same effect was observed irrespective of initial fibre length, although the virgin
fibres were less susceptible to damage.
Discussion It was established that 3 mm LR2 hemp fibre should be mixed with resin
for 8 min to form a homogeneous mixture (Section 5.2.2.2). However, it was shown
that such a mixture ultimately produced weaker composites than one mixed for just
3 min. In order to understand why this was so, samples of the fibre were extracted
from each mix and examined by dark field optical microscopy.
The fibres that were mixed for 8 min have a much darker reddish-brown appearance
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(a) 30× (b) 30×
Figure 6.10: Bright field optical micrographs of extracted hemp fibre after mixing with resin
for 3 min
(a) 30× (b) 30×
Figure 6.11: Bright field optical micrographs of extracted hemp fibre after granulation
than those that were mixed for just 3 min. Furthermore, the dark field mode highlights
the transparency of the 3 min fibres.
It is proposed that the hemp fibres absorb resin when it is in a liquid state during
mixing and that the extent of this absorption is dependent on the temperature and
duration of mixing. However, if the duration is restricted to 3 min, resin absorption is
kept to an acceptable limit.
After granulation, the fibres were observed to have been significantly damaged,
such that their average length had been reduced to 3–4 mm. In addition, many of the
branches and fibrils that characterised the initial fibre morphology had been removed
and their form had become much more linear. It is believed that this change in fibre
morphology, which was observed to be independent of initial fibre length, is why there
is no significant difference between the flexural strength of composites reinforced with
processed fibre (Section 6.2.1.1). However, the virgin fibres, which were wider, less
fibrillated, and more robust to begin with, produce weaker composites because they
are more resistant to the effects of granulation and so retain these characteristics to a
greater extent.
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6.2.1.3 Dynamic Mechanical Analysis
The elastic response of the current market material, E308, is compared with that of
the ultimate product of this research, DM2156, in Figure 6.12. Both materials have
similar initial shear storage moduli (∼600 MPa) and both soften as the temperature
rises, but the effect is more significant in E308. This is evident from the magnitude of
the tan δ peaks: 0.13 in E308, compared with 0.08 in DM2156. E308 has a well defined
glass transition at 204 ◦C, whereas DM2156 exhibits a much more gradual softening: a
very broad peak is distinguishable at ∼97 ◦C.
Figure 6.12: DMA of DM2156 and E308 composites in shear mode
The apparent softening above 200 ◦C in DM2156 and 250 ◦C in E308 is caused by
shrinkage of the sample, which eventually falls out of the clamps. The onset of this
shrinkage is consistent with that observed by TMA (Section 6.2.2.3).
In compression, both materials appear to gradually stiffen with respect to temper-
ature (Figure 6.13). In E308, the rate of stiffening increases suddenly at 446 ◦C and
the trace becomes noisey, whereas DM2156 remains much more stable.
Discussion It appears that the dynamic mechanical characteristics of DM2156 are
appropriate for a friction composite because they are similar to those of the current
market material, E308. Although DM2156 begins to soften at a lower temperature
than E308, it occurs much more gradually and the total magnitude of modulus change
is smaller. It is suggested that this behaviour is more suitable for a friction composite
because sudden changes in material properties (especially the matrix resin) are likely
to have an adverse effect on the magnitude and stability of the friction coefficient.
Both the magnitude and temperature of the tan δ peak in DM2156 are consistent
with those observed for the pure resin (Section 4.2.1.5). This indicates that the resin
dominates the mechanical properties of the composite with respect to temperature.
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Figure 6.13: DMA of DM2156 and E308 composites in compression mode
In compression, the stiffness of both composites appeared to increase with respect
to temperature, but it is believed that this is an artefact caused by densification of the
sample as it contracted and softened under load. However, the purpose of this test
was to measure the onset temperature of modulus decay, not the modulus itself (since
compression is an inappropriate deformation mode for a sample of this stiffness). At
446 ◦C the modulus of E308 was observed to suddenly increase, which is attributed to
the collapse of the matrix (Section 6.2.2.3). The stiffness measured thereafter is that
of the hard inorganic fillers present in the composite. In contrast, the cold moulded
material remained much more stable throughout the test, which indicates that it has
superior mechanical integrity at high temperatures.
6.2.1.4 Hardness and compressibility
The Gogan hardness of selected composites is presented in Figure 6.14. On the Gogan
scale, hardness is measured in units of deflection, so a high value indicates a soft
material (1 unit = 0.0064 mm). The ‘simple’ formulation DM1976 has a hardness of
53.4, which is slightly softer than that of DM2065 (51.9) and DM2156 (50.7). At the
5% level, there is no significant difference between DM2065 and DM2156 (t = 2.087,
P = 0.051), or between DM1988 and DM1997 (t = 1.900, P = 0.074). All of the cold
moulded friction composites are significantly softer than the conventional material,
E308, which has a hardness of 34.7.
Discussion The Gogan hardness test data suggest that the hardness of the com-
posites is dominated by their softest components, in particular, the resin and rub-
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Figure 6.14: Gogan hardness of selected friction composites
ber phases. DM1976 contains both of these components and is significantly softer
than DM2065, which contains the same quantity of resin, but no rubber (t = 2.327,
P = 0.032). The difference between DM1976 and DM1988, which contains 5% less
resin (and no rubber), is even greater (t = 6.927, P < 0.001). This suggests that the
matrix resin has a more significant influence than rubber.
Apart from DM1976, all of the cold moulded materials contain ∼10% crude vermi-
culite, which is porous, and so would be expected to decrease the overall hardness of
the composite. However, no such effect was observed. Similarly, no particular effect
could be attributed to either the type or quantity of fibre in these composites. How-
ever, the fibres would be expected to have more of an effect on strength and toughness
in bending, rather than compression.
In comparison with the current market material, all of the cold moulded composites
are significantly (∼7%) softer. In a large brake pad, such as a UIC 200 rail pad, this
would increase its conformance with the brake disc, which is important for stable
friction and wear behaviour [18, 35]. However, excessive softness can increase the wear
rate of the composite.
6.2.1.5 Density
The actual and theoretical densities of selected friction composites are presented in
Figure 6.15. The theoretical density of the ultimate material produced by this research
(2.37 g cm−3) is similar to that of the current market material (2.34 g cm−3), which is
95% dense. However, the actual density of all the cold moulded composites is ∼7%
lower than the conventional material. At the 5% level, there is no significant difference
between the densities of the cold moulded composites (ANOVA: F = 1.329, P = 0.274).
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Figure 6.15: Density of cold moulded friction composites
The effect of moulding pressure upon the composites DM1976 and DM2156 is pre-
sented in Figure 6.16. This graph also shows the difference between the preform (i.e.
unbaked) and final composite densities.
The final density of both materials increases by ∼4% as the pressure is increased
from 30 MPa to 45 MPa, but the preforms have a consistently higher density than the
final composite.
Figure 6.16: Effect of moulding pressure on the density of cold moulded composites
Discussion Despite considerable differences in the bulk density of the fillers used
in each composite (Section 4.2.3.3), there was no significant difference in the overall
density of the cold moulded friction materials. It is suggested that this is because the
magnitude of the moulding pressure, together with the stiffness of the matrix resin,
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was sufficient to overwhelm these differences. However, the current market material
was found to be significantly more dense than all of the cold moulded composites.
This is attributed to the combination of heat and pressure during the moulding cycle
of the conventional manufacturing process, which reduces the viscosity of the matrix
resin and causes it to partially cure. Thus, the expansion of gaseous reaction products
(Section 4.2.1.4) is counteracted by the moulding pressure to prevent an increase in
porosity2.
An investigation into the effect of moulding pressure on the density of the cold
moulded composites showed that they became less dense during postbake. This is
attributed to the relaxation of stresses introduced during moulding and the evolution
of gaseous reaction products as the resin cures. Although both materials examined
had a similar density before postbake, the formulation containing aramid consistently
became much less dense afterwards, irrespective of moulding pressure. It is suggested
that this is because aramid fibre has a lower bulk density and much greater elastic
recovery than hemp (Section 4.2.2.4).
The low density of the cold moulded composites was a cause for concern because it
is often associated with poor wear performance [29], although it was shown that that
was not the case for DM2156 (Section 7.2.2.3). By a linear regression of the results
presented in Figure 6.16, it is estimated that a moulding pressure of ∼70 MPa would
be required to increase the density of these composites to 95%. However, this was
infeasible because it would require a 150 kiloton press to produce a UIC 200 brake pad.
Furthermore, this is likely to be an underestimate because the trend is not truly linear
(Figure 5.19).
6.2.1.6 Light microscopy
A macro-scale photograph of a brake pad made with DM1976 is shown in Figure 6.17.
Visually, the surface of the pad appears homogeneous and the fibres—which are the
only distinguishable component—are well distributed. When this surface is viewed on
a microscopic scale (Figure 6.18(a)), the individual fibres become visible and appear
equally well distributed.
The large black patches are particles of coke, and the white spots of 10–20 µm are
fillers such as barium sulphate or magnesium oxide etc. Hemp fibres coated in resin are
visible as yellow-brown streaks surrounding the other components. The overall dark
appearance is caused by the presence of graphite.
This appearance is consistent throughout the depth of the pad, which is evident
from the cross-section shown in Figure 6.18(b).
2The conventional moulding cycle includes a series of venting steps to release the trapped gasses.
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Figure 6.17: Macro-scale photograph of a cold moulded brake pad made with DM1976
(a) 160× (b) 160×
Figure 6.18: Dark field micrograph of DM1976: (a) pressed surface, and (b) cross-section
Discussion The light micrographs of DM1976 show that the individual constituents
of the composite are uniformly distributed throughout its bulk, i.e. the scale of segrega-
tion is microscopic (Section 2.6.1). The grain size of the individual phases is equivalent
to that of the raw materials, hence the intensity of segregation has reached its lower
limit; it would not be possible to achieve a more homogeneous mixture without reducing
the particle size of the raw ingredients.
Where fibres are visible, they appear reddish-brown rather than whitish-yellow,
which indicates that they are coated in resin and so should be well anchored in the
matrix, despite their inhomogeneity after stage 2 of mixing (Section 5.2.2.2). The final
composite is as uniform as it is possible to achieve, and these observations validate the
mixing process.
6.2.1.7 Scanning Electron Microscopy
Composite specimens were examined to determine their homogeneity, which was as-
sumed to indicate the effectiveness of mixing during manufacture. The fibre–matrix
interface was also studied because this has a strong influence on mechanical properties.
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A. Examination of composite surface The surface of the cold moulded com-
posite DM2065 is shown in Figure 6.19. Relatively large fragments of coke appear as
dark patches amongst a plethora of much smaller particles with higher atomic contrast.
These are the phases of alumina, barium sulphate, iron disulphide, magnesium oxide,
and zirconium silicate. Strands of randomly oriented hemp and aramid fibre are also
visible across the surface. All of the components appear well distributed.
Figure 6.19: SEM image of DM2065 composite surface
Elemental maps showing the regional concentrations of barium (blue) and magne-
sium (red) across the surfaces of DM2065 and E308 are presented in Figure 6.20. These
elements are primarily indicative of the presence of barium sulphate and magnesium
oxide, although magnesium is also present in vermiculite. Both elements appear evenly
distributed accross the surface. These images also show the regional concentration of
iron in DM2065 and calcium in E308 (green), which are minor components of their
respective formulations (iron is found in iron disulphide and calcium in calcium fluo-
ride). The iron appears well distributed, whereas calcium is found in clumps, which
suggests that the high shear mixing process used in cold moulding is more effective at
dispersing minor ingredients within the matrix.
Discussion The even distribution of barium sulphate, magnesium oxide, and iron
disulphide across the surface of DM2065 indicates that the cold moulded composite is
homogeneous, which shows that the high shear mixing process was effective. Further-
more, it is of significant benefit to the material because localised concentrations of
abrasives can create hot spots which disrupt the friction film and reduce the stability
of the friction coefficient [294, 295, 404].
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(a) 30× (b) 30×
Figure 6.20: EDX elemental maps of composite surfaces: (a) DM2065, and (b) E308
B. Examination of fracture face The fracture faces of two samples of DM1976
are shown in Figure 6.21. One was made with virgin hemp fibre and the other was made
with LR2 processed hemp fibre. In both samples, the fibres can be observed protruding
from the fracture face, but those of virgin hemp appear clean in comparison with the
processed fibre. It is evident that the processed fibre is well coated with components
from the matrix of the composite.
(a) 60× (b) 200×
(c) 60× (d) 200×
Figure 6.21: Fracture face SEM images of composite DM1976 reinforced with: (a) & (b) vir-
gin hemp, and (c) & (d) LR2 processed hemp
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Discussion The observed protrusion of fibres from the fracture face after 3-point
bend testing is indicative of a ductile fracture mechanism and is consistent with the
mechanical test data (Section 6.2.1.1). However, it was noted that the virgin fibres
were relatively clean, i.e. not coated in matrix material. This suggests that they had
not formed a strong cohesive bond with the resin, unlike the processed fibres which
appeared covered with deposits from the various phases of the composite. This is why
the composites reinforced with virgin fibres exhibited low flexural strength but a much
greater deflection at break than those reinforced with processed fibres. The poor matrix
adhesion of the matrix fibres is attributed to the lower surface area (Section 4.2.2.7)
and less fibrillated morphology (Section 4.2.2.6) of these fibres. In addition, it is likely
that the virgin fibres are intrinsically weaker than the processed fibres because the
fibrils are bound together with low strength pectin and hemicellulose (Section 2.4.1).
6.2.1.8 Formulation
Some general observations on the influence of various composite ingredients on the
manufacture of cold moulded brake pads are noted below:
Hemp fibre absorbs resin during mixing and increases the strain on the mixer.
Aramid fibre becomes fibrillated during granulation and helps to capture the pow-
dered ingredients. This behaviour is well documented in the hot mould process,
where it aids the distribution of material across a mould cavity. However, the
fibres used in this research were much longer, and the resultant fibrous material
was much harder to distribute evenly.
Rubber acts as a processing aid: it reduces the strain on the mixer and causes the
material to form granules rather than a fibrous dust—the difference is illustrated
in Figure 6.22. This helps to improve the distribution of the material when it is
poured into the mould cavity. It is suggested that this is because it melts during
mixing and effectively forms a secondary matrix phase.
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(a) (b)
Figure 6.22: Appearance of friction composite mixture (a) with and (b) without rubber
6.2.2 Thermal properties
The thermal properties of the cold moulded friction composites were analysed to iden-
tify their degradation behaviour, since this has a significant effect on tribological per-
formance.
6.2.2.1 Differential Scanning Calorimetry
The DSC thermogram of the current market friction material, E308, is compared with
that of its cold moulded analogue, DM1988, in Figure 6.23. This figure also shows
DM1976, the basic composite used for manufacturing trials and DM2156, the friction
composite ultimately developed from this research.
In nitrogen, E308 exhibits a series of weak endothermic peaks at ∼95 ◦C, 118 ◦C,
and 186 ◦C, before the onset of a broad exotherm that peaks at 375 ◦C.
The the cold moulded friction composites also exhibit an endothermic peak at
∼95 ◦C, but this is followed by an exotherm at ∼150 ◦C. DM1976 and DM1988 then
exhibit a further peak at 339 ◦C, which has a shoulder at 252 ◦C. Both of these events
are visible in DM2156, although their magnitude is considerably weaker. At ∼460 ◦C,
all 3 materials exhibit the onset of a further exothermic event.
In air, the initial endotherms appear much weaker and more broad because the
heat capacity of the composites decreases steadily throughout the experiment. At
∼200 ◦C, all 4 materials exhibit the onset of a major exothermic event, but this is most
pronounced in DM1988. The exotherm rises to a peak at 403 ◦C, but further events are
visible from 340 ◦C in DM1976 and DM1988. Subsequently, another exotherm begins
at ∼450 ◦C in all 4 materials
The thermogram of a sample of S2501 blended with magnesium oxide is presented
in Figure 6.24. The exotherm associated with the auto-ignition of S2501 is still visible,
although its magnitude is reduced.
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(a)
(b)
Figure 6.23: DSC of selected friction composites in (a) nitrogen, and (b) air
Discussion All of the composites tested exhibit endothermic peaks in the region of
100 ◦C, which are attributed to the evolution of moisture. The main sources of this
moisture are hemp fibre and vermiculite, although some of the other minerals were
shown to contain small quantities of water (Section 4.2.3.1).
The cause of the peak at ∼150 ◦C in the cold moulded materials is unknown; none of
the individual ingredients exhibit a peak at this temperature (Sections 4.2.1.2, 4.2.2.2,
& 4.2.3.1). The peak occurs at a temperature too low to be consistent with residual
cure of the matrix resin and, by comparison with Figure 4.13, its magnitude is too
weak. Nonetheless, the only other material present in both DM1988 and DM2156, but
not E308 (which does not exhibit this peak) is magnesium oxide, which is known to
have a catalytic effect on the cure of phenol–formaldehyde resins [24, 93].
The major exothermic peak at 339 ◦C and shoulder at 252 ◦C in DM1976 and
DM1988 are associated with the thermal degradation of hemp, which comprises
24% of these materials and exhibits similar behaviour when tested individually
(Section 4.2.2.2). S2501 resin also exhibits a significant exothermic peak at a similar
temperature (328 ◦C), but this is not apparent in DM2156 (which contains just 3.8%
hemp), so the peaks in DM1976 and DM1988 can be attributed entirely to hemp.
The absence of the resin decomposition peak from DM2156 is significant because it
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Figure 6.24: DSC of S2501 resin blended with magnesium oxide and alumina
implies that the other components present in the composite preserve it from thermal
degradation. In particular, the industrial grade magnesium oxide used in this research
was shown to contain magnesium hydroxide, which decomposes between 340 ◦C and
360 ◦C to release water. This reaction makes it an effective flame retardant and it is
used as such in the plastics industry [344]. However, the exotherm associated with the
auto-ignition of S2501 resin was still visible when it was blended with magnesium oxide.
The smaller specific magnitude of the peak is attributed to the mass of magnesium oxide
and alumina present in the sample.
In contrast, the thermal stability of DM1988 was observed to be lower than that
of DM1976, which indicates that the presence of other components in the composite
reduce its overall thermal stability.
6.2.2.2 Thermogravimetric Analysis
The thermogravimetric behaviour of selected friction composites is shown in Fig-
ure 6.25. In nitrogen, DM1988 loses 1.9% mass between 20 ◦C and 180 ◦C, then de-
composes in two steps of 16% and 13% at 301 ◦C and 417 ◦C, respectively. The rate
of mass loss increases slightly beyond 700 ◦C and the residual char is 59%. The basic
composite DM1976 follows the same trend, but the associated mass losses are smaller.
DM2156 also exhibits similar behaviour, although the mass losses are significantly
lower and it exhibits an additional 8% step from 562 ◦C. This step is also visible in the
conventional material, E308, but it is much more abrupt. Repeat tests showed that this
event occurred consistently, sometimes with much greater magnitude, but not always
at the same temperature.
In air, the behaviour of all 4 materials is similar to that in nitrogen, but the onset
temperatures of each mass loss and the percentage of residual char are lower. In
addition, the discrete stepped profile of DM2156 was less well defined.
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(a)
(b)
Figure 6.25: TGA of selected friction composites in (a) nitrogen, and (b) air
Discussion The initial 1.9% mass loss observed in DM1988 is attributed to the loss of
moisture bound in the hemp fibre and crude vermiculite components of this composite.
The subsequent mass losses are attributed to the decomposition of hemp fibre at 301 ◦C
and S2501 resin and friction dust at 417 ◦C.
DM2156 and E308 exhibit an additional mass loss step, which is attributed to the
decomposition of aramid fibre (and of iron disulphide in DM2156). However, the mass
loss at this temperature was much more abrupt in E308 and, upon inspection of the
disintegrated remains after the test, it was clear that material had been forced out of
the crucible. It is believed that the expansion and exfoliation of the vermiculite in this
material—which comprises ∼25% of its volume—was responsible for this phenomenon.
This provides a clear indication that the mechanical integrity of E308 is destroyed
above 500 ◦C. In contrast, it was observed that the cold moulded specimens remained
solid after each test.
In air, the lower onset temperatures and larger mass loss steps are attributed to
the effects of oxidative decomposition. Some additional overlapping mass loss steps
were observed in DM2156, which were also attributed to oxidative degradation. All of
the onset temperatures observed in the composite samples were higher than those of
their respective individual materials and their associated mass losses were lower than
expected. This indicates that the other components in each composite stabilise the
decomposition of the material as a whole. However, the mass loss steps of DM1976,
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which contains just 6 ingredients, were lower than those of DM1988, which contains
11. It is therefore possible that, in this case, the presence of the additional components
has a negative effect on the thermal stability of the composite. A similar effect was
noted by DSC, particularly in air (Section 6.2.2.1).
6.2.2.3 Thermomechanical Analysis
The dimensional change of selected friction composites with respect to temperature is
shown in Figure 6.26(a). All of the composites tested initially expand when heated,
although the magnitude of this expansion is not greater than 0.5%. The basic composite
DM1976 returns to its original length as the temperature passes 100 ◦C, before the onset
of a significant contraction of 6.7% in 3 stages between 215 ◦C and 433 ◦C. From 543 ◦C
it contracts further.
(a)
(b)
Figure 6.26: TMA of selected friction composites: (a) comparison with scale adjusted to show
detailed behaviour of cold moulded materials, and (b) comparison of all samples
The two cold moulded friction composites (DM1988 and DM2156) also begin to
contract from ∼210 ◦C and they exhibit similar profiles, but the scale of change is
more significant in DM1988. DM2156 contracts by 3.9%, then remains stable until
478 ◦C, when it begins a two step expansion of 1.9%. The total range of expansion and
contraction in this material is less than 4% between 30 ◦C and 700 ◦C.
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The hot moulded friction material, E308, exhibits similar behaviour to those pro-
duced by cold moulding in the range 30–450 ◦C, although its magnitude of change
is smaller than those materials. However, from 450 ◦C, it begins a 60% expansion,
which peaks at 687 ◦C before catestrophically collapsing back to its original length
(Figure 6.26(b)). After cooling, this material had completely disintegrated.
Discussion Initially, the ‘simple’ composite DM1976 exhibits the characteristic soft-
ening behaviour of partially cured S2501 resin (Section 4.2.1.4) although the onset is
delayed until ∼100 ◦C, which is attributed to a stabilising effect of the other ingredients
in the composite. Of these ingredients, barium sulphate, magnesium oxide, and coke
are not expected to contribute any significant changes with respect to temperature. It
has also been shown that hemp fibre expands by less than 0.2% below 220 ◦C [405].
Apart from the resin, uncured rubber is the only other dimensionally unstable ingredi-
ent in this composite, but it has a positive expansion coefficient [170]. Hence, the resin
is believed to dominate the low temperature dimensional behaviour of this material.
In contrast, the three—more complex—friction composites investigated all expand
when heated above 100 ◦C. This behaviour is attributed to the influence of vermiculite,
which expands as it evolves moisture [406].
All three cold moulded friction composites begin to contract from ∼210 ◦C, which
approximately corresponds with the onset of thermal degradation in S2501 resin (Sec-
tions 4.2.1.2 & 4.2.1.3). This resin exhibited similar dimensional behaviour at tempera-
tures in the same region when tested individually (Section 4.2.1.4). Further contraction
may be attributed to the degradation of hemp fibre, friction dust, and rubber, which
are present in various proportions in some of these composites (Table 7.6) and which
decompose at temperatures above 210 ◦C. Similar behaviour is observed in E308, and
is also mainly attributed to the thermal degradation of its resin and rubber compo-
nents. However, this composite exhibits greater thermal stability than its pure matrix
resin (J1506) at low temperatures (Section 4.2.1.4).
At ∼380 ◦C, DM1976 exhibits an additional step contraction not observed in the
other cold moulded composites. This occurs at approximately the same temperature
as the auto-ignition of S2501 resin observed by DSC, TGA, and TMA (Sections 4.2.1.2,
4.2.1.3, & 4.2.1.4). However, the expansion behaviour of the composite is quite different
from that of the resin: it contracts rather than expands. Above this temperature, the
dimensions of DM1988 and DM2156 remain constant, which indicates that the other
ingredients in the composite material stabilise the degradation of the resin, or that
they expand to mask it.
In contrast, E308 begins a substantial expansion at 379 ◦C, which increases rapidly
from ∼450 ◦C. This coincides with the onset of thermal degradation of J1506 resin,
which was shown to expand by 40% as it degrades (Section 4.2.1.4). However, the
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expansion observed in the composite was more rapid and of greater magnitude than that
of the pure resin. This is attributed to the expansion of vermiculite, which comprises
almost one quarter of E308. Furthermore, it was observed that both the composite and
the pure resin collapsed catastrophically after this expansion, such that the material was
completely destroyed. No such behaviour was observed in either DM1988 or DM2156,
which both contain a significant quantity of vermiculite. Despite the apparent poor
performance of pure S2501 resin, it exhibits superior mechanical behaviour to J1506
when combined with the other materials in a friction composite.
The observed behaviour of E308 is consistent with the findings of DMA tests which
showed that it exhibits a sudden compressive failure at 446 ◦C (Section 6.2.1.3). In
addition, TGA data showed that this composite disintegrates violently in the region
of 500 ◦C (Section 6.2.2.2). It is suggested that, above ∼450 ◦C, the matrix resin
loses its structural integrity and the expansion of vermiculite causes the composite to
disintegrate.
6.2.2.4 Thermal conductivity
Calculation of thermal conductivity by the guarded hot plate method is dependent
upon a knowledge of the rate of heat conduction into the heat sink. This was achieved
by monitoring the temperature of the heat sink as it cooled from 180 ◦C. Figure 6.27
shows the cooling curve of this heat sink and the calculated rate of cooling with respect
to time. The equation of this curve was derived by exponential regression and used in
the subsequent calculations of thermal conductivity.
Figure 6.27: Cooling curve of copper heat sink
The thermal conductivity of selected friction composite formulations is presented
in Figure 6.28. E308 has a thermal conductivity of 1.19 W m−1 K−1, whereas the
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cold moulded analogue of this material, DM1988, has a thermal conductivity of
1.40 W m−1 K−1. DM2156, which was the ultimate product of this research has a
thermal conductivity of 1.51 W m−1 K−1. The standard deviation amongst each batch
is ∼5%.
Figure 6.28: Thermal conductivity of selected friction composites
Discussion The thermal conductivity of all the cold moulded friction composites is
greater than that of the current market material. DM1988, which has the most similar
composition3 to this material, exhibits 18% greater thermal conductivity. Although
E308 contains brass chippings, which are good conductors of heat, these are small and
discontinuous, so they offer little benefit. It was observed that DM1988, which also
contains brass chippings, has a lower thermal conductivity than DM1976, which does
not.
It is suggested that the presence of insulating materials, such as perlite and vermi-
culite, dominate the thermal conductivity of the composite. Almost one third of the
volume of E308 is composed of perlite and vermiculite, and a further fifth is phenolic
resin, which is also a good insulator. The superior thermal conductivity of formula-
tions DM2065 and DM2156 (which are very similar to each other) is attributed to the
lower proportion of insulating fillers in these materials. However, these formulations
also have a greater resin content, which suggests that the thermal conductivity of the
CNSL-based resin may be greater than that of the conventional one. It is hypothesised
that the mobility of the aliphatic side chain in CNSL facilitates the conduction of heat
through molecular vibrations.
It was not possible to measure the thermal conductivity of the resins directly be-
cause they form a sparse foam when cured in the absence of fillers. Similarly, it was
3Composite formulations are presented in Section 7.1.4.
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not possible to mix them into materials with an identical filler content because the two
manufacturing processes for which they are used are fundamentally different.
Although the mechanisms that govern tribological behaviour are complex, in general
an organic friction material with poor thermal conductivity would be expected to
exhibit poor brake fade characteristics because temperatures at the braking interface
would reach the decomposition temperature of the resin more quickly. However, if the
thermal conductivity of the pad is too high, it will transmit too much heat into the
calliper and cause the brake fluid to boil, resulting in a loss of pressure and catastrophic
malfunction of the braking system. This is less of a problem in RURT railway brakes
because the operating temperatures are relatively low and the design of the calliper is
such that the hydraulic cylinder is some distance away from the pad.
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6.3 Conclusion
The properties of a family of composites made with the raw materials examined in
Chapter 4 using the manufacturing process developed in Chapter 5 are summarised
below.
Microscopic analysis qualitatively showed that the cold moulding process developed
by this research produces homogeneous composites with well distributed ingredients.
However, flexural strength was used as a quantitative measure of composite integrity. It
was found that virgin hemp fibres provided inadequate reinforcement to the composite
matrix compared with processed fibres, which made it 40% stronger and more than
twice as stiff. This was attributed to the increase in fineness and fibrillation caused
by processing the fibres, which enabled them to become more securely anchored in
the resin matrix. The improvement in flexural strength was most significant with the
fibres that had been processed twice (‘LR2’), but fibre length was observed to have
no significant effect. It was shown that this was because the ultimate fibre length
is determined by the granulation process used during cold mould manufacture. In
addition, it was shown that the fibres absorb resin if they are mixed for too long and
that this weakens the composite.
The use of rayon fibres offered no improvement in composite strength, which indi-
cates that natural hemp fibre is as good as its synthetic alternative. However, the use
of both virgin and recycled aramid fibre increased the composite flexural strength by
∼18%.
The current market material, E308, was found to be almost twice as strong and
3.5× stiffer than the equivalent cold moulded composite, DM1988. However, the cold
moulded composite was observed to fail by ductile, rather than brittle, fracture and
was twice as tough as E308. This behaviour was typical of all cold moulded materials
and was attributed to the CNSL-based matrix resin. It was suggested that this is a
major contributing factor to the superior wear performance of these composites (Sec-
tion 7.2.2.3). Although they are much weaker than the current market material, all of
the cold moulded composites developed in this research comfortably pass the minimum
shear strength requirement for RURT brake pads (Appendix A).
Unsurprisingly, the hardness of the composite was dominated by the softest compo-
nents within it (particularly the matrix resin), but the presence of porous ingredients
(such as vermiculite) was observed to have little effect.
In general, the cold moulded composites were ∼7% softer than the current market
material but they were also ∼7% less dense. Much of this difference was attributed to
the relaxation of compressive stresses induced by moulding, since the composites were
unconstrained during post-bake. In consideration of these properties, the exceptional
wear performance of these materials (Chapter 7) is even more remarkable.
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Although it performed well as a processing fibre, the poor thermal stability of
hemp fibre was reflected in the thermal stability of the composite as a whole. However,
when it was supplemented with aramid, the decomposition characteristics of the cold
moulded composites were superior to those of the current market material, E308. In
particular, these composites did not suffer the catastrophic loss of structural integrity
observed in E308 at ∼450 ◦C. Furthermore, the presence of the other ingredients in
the composite prevented the auto-ignition of S2501 resin altogether.
In summary, the cold moulded composites have a uniform composition and, al-
though weaker than the current market material, they exhibit good mechanical prop-
erties, particularly toughness. Where hemp fibre reinforcement has been supplemented
with aramid, the composites exhibit superior thermal performance to the current mar-
ket material. It has been demonstrated that the CNSL-based matrix resin is appropri-
ate for further tribological investigation.
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Tribological Performance of Friction
Composites
Previous research work (Chapters 4 and 5) showed that, in principle, it was possible
to mix, granulate, cold mould, and post-bake a composite material based upon the
S2501 resin derived from CNSL. The next stage in the development of this research
was to adjust the formulation of the composite to provide acceptable friction and wear
behaviour for RURT vehicle applications. The aim was to produce a new material with
identical friction characteristics to the current (hot moulded) market material, E308,
but with at least a 25% improvement in wear performance. This was because the
braking systems of RURT vehicles are pre-programmed to accept a friction material
with specific friction characteristics and because their brake pads are changed at regular
service intervals. It is therefore necessary to increase the life of a pad by at least one
interval in order for it to be a beneficial improvement [407].
7.1 Methods
The starting point for development of the formulation was the current market material
(E308), which is produced by hot moulding. The methods used to adapt this formula-
tion for cold moulding and test its performance are described in the following sections,
which are arranged as follows: Section 1 provides a narrative overview of the material
development process; it explains how the basic formulation used for manufacturing
trials was converted into a high performance friction material. Section 2 explains the
purpose of each test and how the results of these tests led to changes in the composite
formulation. The corresponding dynamometer test schedules and material formulations
are presented in Sections 3 and 4, respectively. Finally, the methods used to examine
the mating surfaces of the friction couple are explained in Sections 5 and 6.
Development was an iterative process and included testing on several scales. Sub-
scale testing (car-sized brake pads) was used to screen candidate formulations and full-
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scale testing was used to verify performance in the end-use application. In addition,
lab-scale testing (postage stamp sized brake pads) was used to investigate observed
tribological phenomena in detail.
A summary of this process is presented in Figure 7.1, which shows how the results
of each test were used to improve the formulation.
DM1988DM1976
E308
Cure of S2501 resin Max & min. S2501 resin content
Use of processed 
hemp fibre
DM2061
Use of pure 
cellulose (rayon)
Use of recycled 
aramid
Use of virgin aramid 
(1076 staple)
Use of blended 
hemp/aramid Drag tests
DM2065
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DM2156
Lab-scale Friction and 
Wear Testing
Rubber content
(DM2126)
Sub-scale Friction and 
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Full-scale Tribological 
Characterisation
Hemp content
(DM2123)
E393
Figure 7.1: Friction material development and testing summary
7.1.1 Formulation development
The initial attempt at formulation combined the production knowledge gained from
DM1976 with the established tribological behaviour of E308. However, some signifi-
cant changes had to be made to the formulation of E308 to accommodate the larger
fibre requirement of the cold moulding process. Nonetheless, DM1988 can be consid-
ered to be a cold moulded analogue of E308, hence it was used as the starting point
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for this investigation (all of the formulations discussed in this thesis are presented in
Section 7.1.4).
Sub-scale dynamometer testing showed that, although the nominal friction charac-
teristics of DM1988 were close to those of E308, the wear rate was more than twice
as high and the pad integrity was poor: the friction surface exhibited severe crack-
ing. Hereafter, formulation became an iterative process of adjustment and retesting.
However, the effect of adding a particular ingredient to the formulation cannot be quan-
titatively predicted [30, 48] because it is the result of complex interactions between the
multitude of different ingredients in the composite, which vary with temperature, time,
pressure, speed, moisture content etc. [44, 71, 255, 287, 295, 296, 298, 303]. In fact,
friction material formulation has been described as a ‘black art’ [18].
A series of single material changes were made to produce new formulations based
upon a historical knowledge of friction materials. In particular, the current (hot
moulded) material E393, which is used for racing cars and has a very low wear rate,
was adapted for cold moulding. Each formulation was screened on a sub-scale dy-
namometer using a basic braking schedule at 3 different temperatures. In total, over
40 formulations were tested in this manner (Figure 7.2). Additions to the composite
that produced a reduction in the wear rate without compromising friction performance
were combined to create DM2061, but the results highlighted that materials contain-
ing hemp fibre had an unacceptably high wear rate and poor pad integrity (as did the
material containing synthetic cellulose fibre).
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Figure 7.2: Wear data from (sub-scale) formulation screening tests
To address this problem, the hemp was blended with aramid fibre, which has
a higher thermal stability and is used in conventional brake pads. Various propor-
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tions were trialled in combination with other minor changes, culminating in material
DM2065. This had acceptable pad integrity and excellent wear performance (half that
of E308), but a slightly low average friction level.
Subsequent adjustment of the abrasive content was sufficient to overcome this issue
and testing progressed to a full-scale rail simulation dynamometer with formulation
DM2156. This material was subjected to a comprehensive tribological evaluation in
accordance with the procedure in UIC code 541–3 [12], which is the international
standard for rail brake pads of this type. This test showed that DM2156 performs well
in a range of conditions, including hot, drag, and emergency braking. Furthermore, it
has acceptable performance in wet conditions and has a wear rate 60% lower than the
current market material. It also causes 15% less disc wear.
The performance of DM2156 is currently in the process of being ratified by an
independent test house and will subsequently be service tested on an RURT vehicle for
a period of 12 months before it is adopted into the marketplace.
In addition to the sub- and full-scale tests mentioned above, the development pro-
cess was supported by tests performed on a lab-scale dynamometer in order to better
understand the performance of the materials. This machine was custom built for a
previous research project [9] and was heavily modified with fully automated feedback
control and data acquisition software (which was written by the author) for this re-
search.
In particular, these lab-scale tests were used to investigate the effect of the CNSL-
based resin and hemp fibre upon the tribological performance of the composites and,
when it became necessary to introduce alternative fibres into the material, their influ-
ence was investigated too. The compact nature of the specimens used for these tests
enabled a detailed study of their worn surfaces to be performed by SEM. In addition,
the brake discs were examined to determine the wear rate of the friction composite as
a whole.
7.1.2 Tribological investigation
The purpose of this investigation was to assess the friction and wear performance
of the composites produced for this research. In addition to a low wear rate, both
the magnitude and stability of the friction coefficient are important properties of a
commercial brake pad. The stability of the friction coefficient can vary in both the
long and short term, since it depends on a film that forms on the surface of the pad.
This film builds up over time and is sensitive to speed, pressure, and temperature [16,
23, 255, 297]. It is fragile and can easily be destroyed, especially when the brake is
released [23, 267, 268]. Because of this, the development of the friction coefficient
during both regular stops and long term drag applications was studied.
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A common characteristic of NAO friction materials is ‘fade’: the loss of friction at
high temperatures, which is clearly undesirable. The phenomenon should be avoided
entirely if possible, or mitigated by the inclusion of ingredients that counteract it to
reduce the magnitude and rate of friction decay. Similarly, the formulation should
contain materials that prevent the sharp increase in friction often observed at low
sliding speeds in these materials [68, 300].
The effect of many different ingredients and formulation adjustments upon the fric-
tion and wear characteristics of cold moulded composites were studied. In particular,
the influence of S2501 resin and hemp fibre were examined in detail because these are
fundamental to the ecological aim of this research and to the cold moulding process
itself.
The worn surfaces of brake pads were thoroughly examined for evidence of partic-
ular wear mechanisms and the results were correlated with the properties of the raw
ingredients. Wear to the counterface disc was also considered because the friction cou-
ple should be treated as a whole. It is not sufficient to simply produce a brake pad with
a low wear rate because this often signifies that it causes more wear to the (expensive)
brake disc.
The main development work of this research was carried out on a sub-scale auto-
motive dynamometer, but much of the detailed investigation—which helped to inform
decisions on formulation adjustments—was performed on a lab-scale instrument. This
was because the scale of the machine permits straightforward post-test analysis of the
pad and disc, and because these tests are much cheaper and quicker to than those
performed on larger scale machines. However, this instrument uses a brake pad with
a surface area of 4 cm2 (Section 3.3), which represents a scale factor of 0.01 compared
with a full-size UIC pad, which has a surface area of 400 cm2 (in two halves).
Since it is not possible to scale all of the system parameters (e.g. pad area, sliding
speed, inertia, pressure, and temperature etc.) equally [27, 304, 408, 409], it is common
for the results of sub-scale tests to differ from those of full-scale tests, sometimes
considerably so [83]. Nonetheless, the general trends observed in the results do usually
correlate with their full-scale equivalents, although not necessarily in a quantitative
fashion [83, 249, 304, 305].
The benefit of sub-scale tests is in their utility and, as such, they are widely used
by industrial and academic research projects [20, 27, 28, 38, 50, 53, 64, 268, 306], but
the results must be verified on full-scale equipment.
The investigations performed at each scale of testing are described in the remainder
of this section and the dynamometer test schedules are explained in Section 7.1.3.
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7.1.2.1 Lab-scale tests
Lab-scale tests were used to perform a detailed investigation of critical variables iden-
tified in the main test series (on the automotive and rail dynamometers) and in earlier
parts of this research. These variables are discussed below. Three different test sched-
ules were used to investigate the friction and wear behaviour of the composites. A
basic wear test was used to investigate the performance of DM1988, but once the
formulation had been refined to reduce the wear rate, two types of friction test were
employed to evaluate composites DM2061–DM2156. These test schedules are presented
in Section 7.1.3.1.
A. Wear testing Automotive dynamometer tests showed that the integrity and
wear rate of composite DM1988 were unacceptably poor. To examine the influence
of some fundamental aspects of this formulation, a basic wear test schedule was used.
This was designed to reflect the maximum operating conditions of an RURT vehicle
in order to provide a rigorous assessment. Each test was performed at least twice for
confidence.
i. Baseline wear performance The friction and wear performance of the cur-
rent market material, E308, was compared with its cold moulded analogue, DM1988, to
provide a baseline against which to measure other composites. This test was repeated
3 times for confidence.
ii. Cure of S2501 resin It was shown in Section 4.2.1.2 that the matrix resin
requires up to 24 h at 150 ◦C to become fully cured, but it was unclear what effect this
would have on the tribological performance of the composite. Specimens of DM1988
were post-baked for durations of 20 min to 6 h, which were calculated to provide
50–90% cure of the resin.
iii. Maximum and minimum S2501 resin content The organic matrix resin
of a friction composite dominates its friction and wear behaviour but has a low ther-
mal stability [123, 272, 410]. The resin content should, therefore, be minimised to
provide optimum tribological performance, yet the integrity of the composite must be
maintained. Samples of DM1988 were produced with a resin content of 15–25% in
2.5% increments—the volume of all the other ingredients was adjusted in proportion
to account for the change in resin volume.
iv. Use of processed hemp fibre It was observed during manufacturing trials
(Section 5.2.2.2) and composite analysis (Section 6.2.1.1) that virgin hemp fibre had
an adverse effect on the cold moulding process and on the strength of the composite,
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respectively. However, it was unclear whether this would have an effect on the tribology
of such a composite. Samples of DM1988 were manufactured with virgin and LR2
processed hemp fibre for tribological testing.
B. Friction testing Once the wear performance of DM1988 had been improved,
the test schedule was changed to reflect the typical operating conditions of an RURT
vehicle. This enabled a better assessment of the friction characteristics of each com-
posite to be performed. This development work was based upon formulation DM2061
and each test comprised 5 performance sections for confidence.
i. Baseline friction performance The friction and wear performance of the
current market material, E308, was compared with that of DM2061 to provide a base-
line against which to measure other composites.
ii. Use of pure cellulose fibre It was shown that composites containing hemp
fibre exhibited poor wear performance, but it was unclear whether this was due to the
intrinsic low thermal stability of cellulose, or whether the other components in hemp
were causing an adverse effect. To provide a comparison, a composite was made using
virgin rayon as the reinforcement fibre. Rayon is a synthetic form of cellulose made
from regenerated wood pulp.
iii. Use of virgin aramid fibre Since it was established that the low thermal
stability of cellulose was the likely cause of the poor wear performance of DM2061,
it was replaced with aramid, which has a much higher decomposition temperature.
A staple form of the fibre was used because it is compatible with the cold moulding
process, unlike the pulp fibre used in conventional manufacture.
iv. Use of recycled aramid fibre The excellent integrity and wear perfor-
mance obtained with the use of virgin aramid fibre in DM2061 prompted the trial of
recycled aramid as a more environmentally friendly alternative.
v. Use of blended hemp/aramid fibre Because the improvement in wear
performance observed with the use of virgin aramid fibre was so dramatic, it was
blended with hemp fibre in an attempt to increase the sustainable natural content of
the composite. A range of blends were tested, with hemp/aramid proportions of 75/25,
50/50, and 25/75.
vi. Abrasive content After the successful testing of composite DM2065, which
contained a 25/75 blend of hemp/aramid fibre, it was established from full-scale rail dy-
namometer tests that the friction coefficient of this composite was too low. To increase
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it, a range of formulations were produced with different abrasive contents: DM2154
and DM2155 contained an additional 2% and 4% zirconium silicate, respectively; and
DM2156 and DM2133 contained an additional 1% and 2% alumina, respectively. In
each case, the barium sulphate content was adjusted to compensate for the change.
C. Drag testing It was observed during lab-scale tests of DM2061 reinforced with
hemp/aramid fibre blends, that the magnitude of the friction coefficient was strongly
dependent on the fibre blend ratio. To investigate the evolution of the friction coefficient
with respect to time, a constant load drag test was employed. Specimens of DM2061
reinforced with all 3 hemp/aramid blends were tested, together with those of the pure
fibres.
7.1.2.2 Sub-scale tests
The main testing of cold moulded friction composites was performed on an automo-
tive dynamometer, which represents a scale factor of 0.1 compared with the full scale
braking equipment. This dynamometer was fitted with EDB419 brake pads from a
MkII VW Golf vehicle, which have a surface area of 40 cm2 (Section 3.3). These were
chosen because the pads are asymmetric and so represent the worst-case scenario in
terms of geometry-induced effects [9]. The test schedule was a basic wear programme,
performed at 3 different temperatures to evaluate the performance of the composites
under a range of operating conditions.
Once it was established that DM1988 exhibited poor wear performance, a series of
single ingredient adjustments was made to the formulation. The aim of this testing
was to screen each adjustment to identify those which had a beneficial effect. These
were then combined, retested, and—if successful—investigated on the full-scale dy-
namometer, which is the only way to determine how the composite will perform in
service [83, 249].
The evolution of the friction composite formulation as it was tested in this manner
is discussed in Section 7.1.1 and the differences between the formulations are shown
in Section 7.1.4. During testing, it became apparent that some ingredients had a
pronounced effect on the performance of the composite, so these were investigated in
more detail on a lab-scale dynamometer (Section 7.1.2.1).
7.1.2.3 Full-scale tests
The composite formulations that exhibited the best friction and wear performance on
the automotive dynamometer were tested on the full-scale rail simulation dynamome-
ter. This machine is fitted with the same braking equipment as that used on RURT
vehicles: each pad is formed in two halves and has a total surface area of 400 cm2
284
Tribological Performance of Friction Composites
(Section 3.3). Three test schedules were used: initially, the formulations were screened
using a basic wear test; those that performed well were then tested for friction perfor-
mance using a truncated version of the full UIC 2A-1 schedule; and finally, the ultimate
composite was subjected to the full performance characterisation specified in schedule
2A-1 of UIC code 541–3 [12].
A. Wear testing Before performing friction tests, which can last for several days,
adjustments to the formulation were screened using a basic wear schedule in a similar
manner to the research performed on the automotive dynamometer. In particular, the
effects of hemp fibre and rubber on the formulation were investigated:
i. Hemp fibre content It was observed during the initial tests of DM2065
on the full-scale dynamometer that the wear rate per unit distance was much lower
than that of the sub-scale tests. In addition, the maximum observed disc temperature
was also lower during the full-scale tests. Because of this, it was decided to test a
composite reinforced with pure hemp fibre, since thermal decomposition was likely to
be less severe. The formulation DM2123 was created for this purpose.
ii. Rubber content The inclusion of aramid fibre in the composite formulation
reduced its density because the fibre tended to fibrillate during granulation (in the
manner described by Sloan [9]), which made it difficult to distribute the material
evenly within a large mould cavity. However, the presence of rubber in the formulation
was observed to suppress this fibrillation (Section 6.2.1.8). Composite DM2126 was
created to determine the effect of this rubber on its tribology.
B. Friction testing Once it was established that formulation DM2065 had accept-
able wear performance and integrity when tested on the full-scale dynamometer, it was
necessary to increase its friction coefficient to match that of E308. This was done by
adjusting the abrasive content in the formulation. In addition to sub-scale testing,
formulations DM2154, DM2155, DM2156, and DM2133 were tested on the full-scale
dynamometer.
C. Full schedule 2A-1 testing After successful lab-scale batch production, the
ultimate composite DM2156 was manufactured in an industrial batch of 250 kg using
the method described in Chapter 5. This material was formed into UIC 200 pads
and subjected to a full friction and wear performance evaluation in accordance with
schedule 2A-1 of UIC code 541–3 [12]. This test was performed twice for confidence
and compared with that of the current market material, E308.
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7.1.3 Dynamometer testing
A dynamometer is the instrument used to measure the tribological performance of
brake pad(s) in a laboratory. It subjects the pads to a predefined series of applications
against a brake disc under a variety of different speeds, loads, and temperatures etc.
Typically, the braking hardware fitted to the dynamometer is the same as that used on
the simulated vehicle. The inertia for the brake disc is provided by a bank of flywheels,
which can be engaged as necessary. The friction coefficient is calculated from the
braking torque and normal load on the brake pad, which are measured directly. A
fundamental aspect of most dynamometer tests is that the materials are tested under
conditions of constant retarding torque i.e., the normal force is adjusted according to
Amontons’ law (Equation 2.6) to maintain the same rate of deceleration irrespective
of the friction coefficient. Thus, the system behaves as a real driver would and, more
significantly, compares the materials on an equal energy input basis. The principle of
operation is the same as that described in Section 7.1.3.1 for all of the machines used
in this research.
In each test, brake pad wear was determined through mass loss. The mass was
converted into volume for comparison between materials because the materials have
different densities.
The test schedules used for each investigation are explained in the following sections.
7.1.3.1 Lab-scale tests
The lab-scale dynamometer used in this research was custom built by Sloan [9] in 2004,
based upon a review of similar machines available at the time. The control system of
this machine was modified for the present research to enable both stopping and drag
tests be performed. A feedback loop was added to maintain a constant braking torque
if required. This compensates for changes in the friction coefficient of the brake pad by
altering the normal force applied to it. In addition, a motor control was added to enable
testing at a variety of different speeds and to simulate extra vehicle inertia if needed.
Furthermore, the cooling fan was linked with the disc temperature thermocouple to
control the disc temperature as necessary. The control system was fully automated
and integrated with a custom-written software program to capture data at a rate of
10 Hz. This was averaged over period of 1 s to remove the spikes caused by the inherent
vibration of the system. The motor speed, brake line pressure, frictional retarding force,
and disc temperature were all constantly monitored by this system. The machine is
shown in Figure 7.3.
Inside the machine, a 7.5 kW, 3-phase electric motor drives a 150 mm diameter
cast iron brake disc at speeds of up to 2500 rpm. A cubic specimen of friction material,
with a surface area of 4 cm2, is pressed against this disc by a pneumatic piston. It is
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Figure 7.3: The dynamometer used for lab-scale tribological evaluation
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mounted on an arm, pivoted about the centre of the disc, at a radius of 50 mm. The
tangential braking force is measured by a load cell positioned directly beneath this arm
at a radius of 110 mm. Inertia is supplied by a 32 kg flywheel.
To cool the pad/disc assembly, an electric fan draws air past it at a rate of
∼800 m3 hr−1 as required. Disc temperature is monitored by a rubbing thermocouple
at a radius of 65 mm (outside of the wear track produced by the pad).
The specimens tested by this machine are 100× smaller than the full-scale UIC 200
brake pads fitted to RURT vehicles. As such, the friction and wear results can be
affected by scaling issues, which were discussed in the previous section. However, the
conditions used for each test were chosen to be as representative of those on an RURT
vehicle as possible. The calculations for scaling the speed, pressure, braking torque
and energy density are shown in Appendix B.
Specimen preparation Specimens of 20× 20× 20 mm were cut from a 25× 25×
150 mm block of composite material, which was cold moulded according to the condi-
tions specified in Section 5.3. These specimens were pressed into a sample holder for
fitment to the dynamometer.
Before testing for the first time, each specimen was briefly applied to a 180 grit
abrasive disc, which was mounted in place of the ordinary brake disc. This ensured
that the surface of the pad would mate well with the brake disc when the test began.
Each test is composed of two sections: ‘burnish’ and ‘performance’. The purpose
of burnishing is to create a uniform contact between the pad and disc over at least
95% of the pad surface area. Afterwards, the sample is removed and weighed in order
to determine the mass loss during the performance section, which is when the desired
friction characteristics are measured. Because the test is interrupted and the sample
is disturbed between the two stages, each performance section begins with a drag
application to raise the temperature of the brake disc and to help the sample bed-in.
Before each stop or application begins the disc is cooled if necessary.
The brake discs fitted to this machine were made from grey cast iron, which is the
same material as that used in RURT braking systems. The discs had a diameter of
150 mm and a nominal thickness of 12 mm. Before each test, the surface was prepared
by removing 0.2 mm by machining with a lathe. It was then cleaned with acetone
before fitment to the dynamometer. The initial surface roughness (Sa) of the brake
discs was ∼3.6 µm.
A. Wear test schedule This test schedule was designed to reflect the maximum
operating conditions of an RURT vehicle in order to generate a sufficient quantity of
wear to distinguish between good and bad changes to the formulation. In effect it
simulates continuously repeated emergency braking. If a material performs well in this
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test it is likely that it will perform well in less severe tests as well.
The typical maximum operating speed of an RURT vehicle is 80 km h−1 and it can
achieve a maximum deceleration of ∼0.2 g before the wheels begin to skid on the rails.
For a friction material with a nominal friction coefficient of 0.71, this corresponds to
a braking torque of 8.1 Nm. 1000 stops were performed using these conditions from
a maximum initial disc temperature of 150 ◦C, which is typical for a wear test on an
NAO material. Throughout this test, the brake disc was cooled constantly and there
was a 5 s pause between applications. The full test schedule is presented in Table 7.1.
Table 7.1: Lab-scale wear test schedule
Drag Constant Initial disc
Stops applications Speed torque Duration temperature
# # (km h−1) (Nm) (s) (◦C)
Burnish – 60 50 6.0 5 –
Performance – 1 50 7.0 300 –
1000 – 80 8.1 – 150
B. Friction test schedule Although the wear test schedule reflects the worst-case
scenario for RURT brake pads, it is not representative of normal operating conditions.
On a typical journey accross any network, an RURT vehicle will encounter varying
passenger loads, different line speeds, short and long distances between stations, and
downhill gradients, all of which require different brake applications. The friction test
was designed to simulate these normal operating conditions.
A random combination of 500 stops with different initial speeds and rates of de-
celeration within the range of an RURT vehicle was chosen. However, the speed was
averaged at 65 km h−1 which is the average speed on Docklands Light Railway [411].
The same 500 stop schedule was used for every material. The ‘performance’ section
was repeated 5 times back-to-back with the same specimen to determine the long term
magnitude and stability of the friction coefficient and wear rate. Throughout this test,
the brake disc was cooled constantly and there was a 5 s pause between applications.
The full test schedule is presented in Table 7.2.
C. Drag test schedule This test schedule was designed to investigate the devel-
opment of the friction coefficient over time. It simulates a long term drag braking
application of an RURT vehicle on a downhill gradient. A constant load was used in
this test to minimise the number confounding variables on the formation of a transfer
1This was the average friction coefficient of the current market material when tested on the lab-scale
dynamometer.
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Table 7.2: Lab-scale friction test schedule
Drag Constant Initial disc
Stops applications Speed torque Duration temperature
# # (km h−1) (Nm) (s) (◦C)
Burnish – 60 50 6.0 5 –
Performance – 1 50 7.0 300 –
500 – 50–80 2.8–8.1 – 150
— Repeat 5× —
film (i.e. the continuously varying normal load of a constant torque test). The test
is based upon the procedure specified in SAE J661a [308]. Throughout this test, the
brake disc was cooled constantly and there was a 5 s pause between applications. The
full test schedule is presented in Table 7.3.
Table 7.3: Lab-scale drag test schedule
Drag Normal Initial disc
applications Speed force Duration temperature
# (km h−1) (N) (s) (◦C)
Burnish 20 50 275 20 –
Performance 10 50 410 300 30
7.1.3.2 Sub-scale tests
As the formulation of the cold moulded composite was iteratively adjusted, each ma-
terial was screened for wear performance using an in-house standard wear schedule
at European Friction Industries Ltd. [320]. This test schedule is designed to create a
substantial quantity of wear in order to distinguish between materials with good and
bad performance. The performance section is divided into 3 stages, between which the
test is interrupted to measure the wear. Each stage is performed at a different tem-
perature to evaluate the performance of the material across a wide range of operating
conditions. The full schedule is presented in Table 7.4.
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Table 7.4: Sub-scale wear test schedule
Initial disc
Stops Speed Deceleration temperature
# (km h−1) (g) (◦C)
Burnish 60 80 0.2 –
Performance 200 100 0.2 80
200 100 0.2 150
200 100 0.2 250
7.1.3.3 Full-scale tests
The international standard test procedure for the characterisation of RURT friction
materials is specified in UIC code 541–3, schedule 2A-1 [12]. For the purposes of this
research, materials were screened for wear performance using just the ‘burnish’ section
of this test, although the number of stops was set at 500. Thereafter, the successful
materials were tested for friction performance using the first 3 sections of the test:
‘burnish,’ ‘performance,’ and ‘drag’ (i.e. applications 1–41). The full test schedule was
performed on E308 and DM2156 to compare the performance of the ultimate cold
moulded formulation from this research with that of the current market material. This
test schedule is presented in Table 7.5.
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Table 7.5: Full-scale test schedule, specified in UIC code 541–3 (2A-1) [12]
Normal Initial disc
Application # Speed force temperature Comments
(km h−1) (kN) (◦C)
BURNISH 120 31 20–100 Repeat until 70% contact
1 13 25 50 31 50–60 Normal operation
2 14 26 80 31 50–60
3 15 27 120 31 50–60
4 16 28 140 31 50–60
5 17 29 50 16 50–60
6 18 30 80 16 50–60
7 19 31 120 16 50–60
8 20 32 140 16 50–60
9 21 33 50 46 50–60
10 22 34 80 46 50–60
11 23 35 120 46 50–60
12 24 36 140 46 50–60
37 120 46 140–150 Fade performance
38 140 46 140–150
39 80 46 210–220
40 80 31 50–60 Recovery performance
41 80 46 50–60
42 50 – 20–30 Drag (25 kW, 20 min)
43 60 31 – Stop after drag
44 80 – – Drag (55 kW, 10 min)
45 80 31 – Stop after drag
46 80 31 50–60 Recovery performance
47 120 46 50–60
48 140 31 50–60
49 50 16 20–30 Wet performance (25 l h−1)
50 50 31 20–30
51 80 31 20–30
52 80 31 50–60 Recovery performance
53 120 46 50–60
54 140 31 50–60
55 30 31 ≤ 30 Cold performance
56 30 31 ≤ 30
57 30 31 ≤ 30
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7.1.4 Friction composite formulations
The composition of each of the formulations discussed in this thesis is presented in
Table 7.6. However, it should be noted that these represent a small proportion of the
total number of formulations investigated during this research.
The numbers in this table represent the percentage volume of each ingredient in
the formulation.
Table 7.6: Composition of friction formulations used in this research (by volume %)
Ingredient Formulation reference
E308 DM1976 DM1988 E393 DM2061 DM2065 DM2156 DM2123 DM2126 DM2133 DM2154 DM2155 DM2110 DM2141
Resins
J1506 19 – – – – – – – – – – – – –
P498B – – – 19 – – – – – – – – – –
S2501 – 25 20 – 20 25 25 25 25 25 25 25 30 10
Fibres
Aramid 3.8 – – 2.9 – – – – – – – – – –
Hemp – 24 24 – 20 – – 15 – – – – – –
25/75 hemp/aramid – – – – – 15 15 – 15 15 15 15 15 10
Abrasives
Alumina 0.3 – 0.3 0.3 0.3 0.3 1.3 0.3 0.3 2.3 0.3 0.3 0.3 –
Calcium fluoride 2.1 – 2.0 – – – – – – – – – – –
Perlite (expanded) 6.5 – 8.0 – – – – – – – – – – –
Potassium titanate – – – 4.8 – – – – – – – – – –
Zirconium silicate – – – 1.0 1.0 2.0 2.0 2.0 2.0 2.0 4.0 6.0 1.8 –
Lubricants
Antimony trisulphide – – – 4.8 – – – – – – – – – –
Brass fibre 1.7 – 1.5 – – – – – – – – – – –
Copper powder – – – 9.5 10 – – – – – – – – –
Coke – 20 – 15 16 18 18 18 18 18 18 18 16 15
Graphite (flake) – – – 4.8 5.0 5.0 4.0 5.0 – – 5.0 5.0 4.6 –
Graphite (powder) 6.6 – 6.0 – – – – – – 3.0 – – – –
Iron disulphide – – – – 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 4.7 –
Fillers
Barium sulphate 17 15 15 9.5 7.7 12 12 12 12 12 9.7 7.7 11 15
Friction dust 8.9 – 8.0 – – – – – – – – – – –
Magnesium oxide – 10 5.0 12 9.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 8.3 10
Rubber (cured) 11 – – 7.6 – – – – – – – – – –
Rubber (uncured) – 6.0 – 2.6 – – – – 5.0 – – – – 30
Vermiculite (crude) 14 – 10 – 6.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0 8.3 10
Vermiculite (exfoliated) 9.4 – – 5.7 – – – – – – – – – –
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7.1.5 Pad surface evaluation
The worn surfaces of brake pads from all 3 dynamometers were examined in detail for
evidence of the prevailing wear mechanism. Of particular interest was the phenomenon
of surface cracking, which was observed to occur in materials containing a significant
proportion of hemp fibre.
A. Macro-scale photography Macro photography was used to compliment the
microscopic analysis performed by SEM. High resolution (8 MPx) images were captured
against a plain white background in uniform natural lighting with fill-in flash where
appropriate. A steel rule graduated in units of 0.5 mm was included in the background
plane for scale.
B. Scanning Electron Microscopy Composite specimens from lab-scale tests
were mounted directly on a microscope stub and grounded with electrically conductive
carbon tape without further preparation, but those from full-scale UIC 200 pads were
first sectioned using a band saw. No gold sputter coating was applied to these samples.
Images were captured at a potential difference of 25 keV using secondary electron
detection and EDX was used to determine the elemental composition of selected regions
of the pad surface.
7.1.6 Disc wear evaluation
The wear of a friction couple must be considered as a whole because it is often the case
that a reduction in the wear of one half sacrifices that of the other. In this research,
disc wear was determined by measuring the depth of the track made by the brake
pad during lab-scale friction tests. Owing to the irregular profile of these tracks, the
wear was calculated from their cross-sectional area, averaged over 3 locations. The
surface roughness of the wear track was also used as a performance indicator because
this is indicative of the prevailing wear mechanism: abrasive wear is characterised by
ploughed grooves, whereas adhesive wear causes the removal of material by processes
such as galling [237].
Surface topography measurement Brake discs from the lab-scale dynamometer
were examined after each test for evidence of wear. A portion of the channel abraded
by the composite friction material was mapped using a Taylor Hobson Talyscan 150,
equipped with a 0.8 µm contact probe.
The probe was driven across the wear channel in a raster pattern at a rate of
3 mm s−1. 500 consecutive scans, spaced 50 µm apart were used to create a 3D sur-
face profile of an area of 35 × 35 mm. Vertical surface features were resolved to a
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height of 100 nm. The resultant surface profile was then post-processed with levelling
and threshold algorithms to compensate for sample misalignment and to remove spu-
rious spikes in the topographical map, respectively. The average 3-dimensional surface
roughness (Sa) of a 15× 15 mm region at the centre of the wear track was calculated
from Equation 7.1.
Sa =
1
MN
M∑
i=1
N∑
j=1
|z(xiyj)| (7.1)
where M and N are the number of points sampled in the x and y directions, respec-
tively, and z is the relative height of each point on the surface (in µm).
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7.2 Results
The evolution of the cold moulded composite into a tribologically sound friction mate-
rial is presented in the following sections. The formulation adjustments are explained
with reference to the friction and wear tests results and the individual material char-
acteristics observed in Chapter 4. In addition, a study of counterface brake disc wear
is presented in this chapter.
7.2.1 Formulation development
A rationale for the formulation adjustments made to achieve each milestone composite
is presented below (the formulations themselves are presented in Section 7.1.4). Some
of the tests performed in Section 7.1.2 of this thesis were performed using variants of
these formulations. In such cases (e.g. ‘Maximum and minimum S2501 content’), the
nature of the variation is highlighted in the main text.
(E308 + DM1976) =⇒ DM1988
DM1988 was the first attempt at formulating a true friction composite. Its formulation
was based upon that of the simple cold moulded material, DM1976, and the current
(hot moulded) market material, E308.
Owing to the nature of the hot moulding process, E308 contains just 3.8% fibre (all
of which is aramid), but DM1976 contains 24% fibre (all of which is hemp), which is
essential for cold mould manufacture. In order to incorporate this volume of fibre in
DM1988, it was necessary to remove ∼20% of the other ingredients. This was achieved
by removing the cured rubber (11%) and exfoliated vermiculite (9.4%)—which have a
low density, similar to the fibres—from E308.
Both E308 and DM1976 have the same resin content (20%), but the J1506 resin
used in E308 was substituted for S2501 resin in DM1988. Minor percentage changes
were made to the other ingredients to balance the formulation.
(DM1988 + E393) =⇒ DM2061
The first major formulation adjustment was achieved by comparing DM1988 with E393,
a hot moulded material used for racing cars that exhibits a very low wear rate. The
key differences identified in this formulation were: a high soft metal (copper powder)
content; the use of a different abrasive (zirconium silicate); the inclusion of a metal
sulphide (antimony trisulphide); and the inclusion of potassium titanate whiskers.
To create DM2061, the following adjustments were made:
1. The hemp fibre content was reduced by 4% because it has a low thermal stability.
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2. Perlite was removed from the formulation because the airborne dust poses a
potential health risk during manufacture [346]. It was replaced with coke which
is also sparse and mildly abrasive and is present in E393.
3. Calcium fluoride was replaced with zirconium silicate, which is much more abra-
sive, and is present in E393.
4. Brass fibres were replaced with copper powder at a much greater concentration
to match that of E393.
5. Friction dust was replaced with iron disulphide, which is a less toxic alternative
to the antimony trisulphide found in E393.
6. Graphite powder was replaced with graphite flake, which has superior lubrication
properties [35] and is used in E393.
The content of each additional ingredient was matched as closely as possible to its
level in E393 and the content of the remaining ingredients was reduced to compensate.
Potassium titanate whiskers were omitted from DM2061 because they have been linked
to health problems [412] and because RURT brake pads have a lower performance
requirement than those of a racing car.
DM2061 =⇒ DM2065
To improve the wear rate and integrity of DM2061, the pure hemp fibre was replaced
with a 25/75 hemp/aramid fibre blend. In addition, the total fibre content was reduced
to 15% to reflect the superior performance and increased cost aramid; the S2501 resin
content was increased by 5% to compensate.
Copper powder was omitted from the formulation because it was discovered that
calcium fluoride, coke, and iron disulphide alone were sufficient to improve its tri-
bological performance. This also reduced the density and cost of the material. To
compensate, the content of the other fillers was increased.
DM2065 =⇒ DM2156
To increase the friction coefficient of DM2065 the abrasive content of the formulation
was adjusted. 1% flaked graphite was replaced with alumina and 0.3% zirconium
silicate was replaced with barium sulphate.
7.2.2 Tribological investigation
The friction and wear performance of selected milestone composites are presented be-
low. The aim of this research was to develop a composite with similar friction char-
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acteristics to the current market material (E308), but with 25% lower wear rate. To
facilitate efficient screening of formulations and rigorous scientific analysis, tests were
performed on lab-scale and sub-scale equipment. However, the ultimate formulations
were tested on a full-scale rail simulation dynamometer. This section also includes
worn surface analyses of both the brake pad and disc.
7.2.2.1 Lab-scale tests
Lab-scale tests were used to perform a detailed investigation of critical variables identi-
fied elsewhere in this research. They were especially useful because the test specimens
could be readily examined by SEM if required. The results of this investigation are
presented below. It should be noted that it is common for friction coefficient measure-
ments to be artificially high on small scale equipment because it is not possible to scale
all parameters equally [27, 304, 408]. Nonetheless, the general trends do correlate with
those observed on a full-scale dynamometer [83, 249, 304, 305].
A. Wear testing The simple wear test was used to establish the influence of basic
material parameters upon the tribological performance of the composite. The results
of these investigations are explained below.
i. Baseline wear performance The tribological performance of the current
market material, E308, is compared with its cold moulded analogue in Figure 7.4.
These data were used as a baseline for performance comparisons in the following in-
vestigations. E308 has an average friction coefficient of 0.72 and exhibits a total wear
of 0.362 cm3. In contrast, DM1988 wears by 3 times more, although it has a similar
friction coefficient (0.68). There is also more variation in the wear rate of DM1988.
Figure 7.4: Baseline wear performance of E308 and DM1988 in lab-scale wear tests
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ii. Cure of matrix resin The effect of curing the composite matrix resin
(S2501) upon the wear rate of DM1988 is shown in Figure 7.5. When it is only 50%
cured, the wear rate is observed to increase by 2.4×. However, within the range 70–
90% cure, there is no significant difference in the wear rate (ANOVA: F = 0.709,
P = 0.545).
Figure 7.5: Effect of matrix resin cure on the wear of DM1988
iii. Resin content The influence of resin content upon the wear rate of DM1988
is shown in Figure 7.6. Within the range 17.5–25.0%, the resin content has no significant
effect (ANOVA: F = 0.405, P = 0.756), although it was noted that the average friction
coefficient (0.57) of the 25% sample was lower than the rest. However, when the resin
content was reduced to 15%, the wear rate increased by 2.8×.
Figure 7.6: Effect of matrix resin content on the wear of DM1988
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iv. Hemp fibre morphology It is shown in Figure 7.7 that the wear rate
of the composites reinforced with virgin hemp is 73% greater than those reinforced
with processed (LR2) hemp. This difference is significant at the 5% level (ANOVA:
F = 10.1, P = 0.050).
Figure 7.7: Effect of hemp fibre morphology on the wear of DM1988
B. Friction tests Once the formulation of the cold moulded friction composite
had been adjusted to reduce its wear rate, the test schedule was changed to reflect the
typical operating conditions experienced by an RURT vehicle in everyday use. The
effect of subsequent adjustments to the formulation are discussed below.
In the following graphs, the dashed line at 0.644 cm3 represents a 25% improve-
ment in wear with respect to E308, and each coloured block in the stacked columns
indicates the wear from 500 stops of the 2,500 stop test schedule (i.e. each repeat of
the ‘performance’ section of the test schedule). The overall height of the bar represents
the total wear throughout the test. The average (mean) friction coefficient is shown as
a single data point, with error bars of ±1 standard deviation. An example is shown in
Figure 7.8.
i. Baseline friction performance The resin, fibre, and filler content of for-
mulation DM1988 was iteratively adjusted to create formulation DM2061. By doing
so, the wear performance of the cold moulded composite was improved to within 10%
of the current market material (Figure 7.9). In general, the earlier stages of the test
exhibit the most wear. Despite the adjustments to the formulation to reduce its wear
rate, the friction coefficient of DM2061 (0.68) remains within 6% of E308 (0.72) and it
exhibits similar stability (σ ≈ 5%).
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Figure 7.8: Example friction performance graph
Figure 7.9: Baseline friction performance of E308 and DM2061 in lab-scale friction tests
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ii. Use of synthetic cellulose fibre Rayon, a synthetic form of cellulose fibre,
was trialled as another ‘green’ alternative2 to hemp in an an attempt to improve both
the wear rate and integrity of the composite. The results of this investigation are
presented in Figure 7.10. Although the wear of the rayon-based sample (0.822 cm3)
is 11% lower than that of the hemp based sample (0.922 cm3), the majority of this
saving is made within the first 500 stops and thereafter the wear rate is similar to that
of standard DM2061. In addition, the friction coefficient of the rayon-based sample
(0.64) is lower than that of the hemp-based sample (0.68).
Figure 7.10: Effect of synthetic cellulose fibre on the friction and wear of DM2061
iii. Use of aramid fibre To improve the wear rate and integrity of the com-
posite, the hemp fibre was completely replaced with aramid, which has a much higher
thermal stability and is used in conventional brake pads. This caused a drastic 218%
reduction in the wear total wear volume (Figure 7.11), yet did not affect the friction
coefficient. In addition, the wear rate exhibits much greater stability than the hemp-
based material: it decreases steadily as throughout the 2,500 stop test. The total wear
volume of this material is half that of E308.
The use of recycled aramid also improved the total wear volume considerably (this
sample was 20% below the target of 0.644 cm3), but the wear rate was much less stable;
it did not exhibit a decreasing trend with repeated tests like that of virgin aramid. In
addition, the friction coefficient of this sample (0.54) was substantially below that of
the baseline material, DM2061 (0.68).
iv. Use of hemp/aramid blended fibre Since it was shown that aramid fibre
has such a considerable effect upon wear performance, a range of hemp/aramid blends
2Rayon is regenerated from natural wood pulp.
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Figure 7.11: Effect of aramid fibre on the friction and wear of DM2061
was tested to identify the optimum aramid content necessary to achieve the 0.644 cm3
target. These composites exhibited a steadily decreasing trend in volumetric wear with
respect to aramid content (Figure 7.12). Furthermore, the rate of wear becomes more
stable as the aramid content increases.
Figure 7.12: Effect of blended hemp/aramid fibre on the friction and wear of DM2061
By exponential regression (Figure 7.13), it was established that the target wear rate
could be achieved with a 60/40 blend of hemp/aramid. This represents a total aramid
content of 8% in the formulation, which is approximately twice that of E308, although
the fibre has a considerably different morphology (Section 4.2.2.6).
The friction coefficient of both composites containing pure fibres is identical, but it
drops by ∼7% (to 0.63) and becomes less stable as the blend ratio is increased. This
was investigated further with the use of drag tests (see below).
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Figure 7.13: Exponential regression of DM2061 wear data
v. Abrasive content The wear rate and integrity of DM2061 was improved
through the use of a 25/75 blend of hemp/aramid fibres to create DM2065, but it was
necessary to increase the friction level to match that of E308. Figure 7.14 shows the
results of an investigation into the abrasive content of DM2065—the dotted red line
represents the target value of 0.72 (the same as that of E308).
Figure 7.14: Effect of abrasive content on the friction and wear of cold moulded composites
The addition of zirconium silicate (Mohs hardness ∼7.5) in proportions of 2% and
4% (DM2154 and DM2155, respectively) increased the friction coefficient by less than
one third of the required amount and caused the wear rate to become unstable. How-
ever, the addition of 2% alumina in DM2133 increased the friction coefficient by 21%
more than necessary and the volumetric wear suffered by 57%. In addition, the fric-
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tion level became very unstable. However, by reducing the alumina content to a total
of 1.3% in DM2156, both the friction coefficient and wear rate were brought within
acceptable limits. The overall volumetric wear of DM2156 was 0.549 cm3, which repre-
sents a 36% improvement with respect to E308, and the friction level was 0.74—almost
identical to the current market material.
C. Drag testing The instantaneous friction coefficient of composites containing
selected fibre blends is shown in Figure 7.15, together with that of E308.
After the initial application, E308 quickly establishes a steady friction coefficient
of ∼0.61, which remains stable throughout the test. DM2061 with 100% aramid fi-
bre exhibits similar performance, although it takes several applications to stabilise,
and settles on a lower value of ∼0.55. In contrast, the composite containing pure
hemp exhibits a sharp rise and fall of the instantaneous friction coefficient during each
application at the beginning of the test, but becomes more stable towards the end.
However, the composite with the least stable behaviour is that which contains
the 50/50 hemp/aramid blend. During the early stages of the test it exhibits similar
behaviour to the pure hemp sample, but it then begins to fluctuate by up to 0.2 about
a mean value of ∼0.44.
The bulk temperature of the brake disc reaches a consistent maximum tempera-
ture throughout each test, although its magnitude varies considerably between each
material. When tested with the current market material, E308, the bulk disc temper-
ature reached 336 ◦C, which was similar to that observed with the pure aramid sample
(324 ◦C). However, the pure hemp and 50/50 hemp/aramid samples generated much
lower temperatures of 235 ◦C and 256 ◦C, respectively.
It was observed that the pure hemp sample began to ‘fade’ at ∼110 ◦C, whereas
this phenomenon did not occur until the temperature had risen to ∼170 ◦C for the
pure aramid sample. Furthermore, the magnitude of fade was significantly lower for
the pure aramid sample, and this tendency disappeared altogether after 7 applications,
which is indicates the formation of a stable friction film.
305
Chapter 7
(a) E308
(b) 100/0 hemp/aramid
(c) 50/50 hemp/aramid
(d) 0/100 hemp/aramid
Figure 7.15: Constant load drag tests of E308 and DM2061 reinforced with hemp/aramid
fibre blends
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7.2.2.2 Sub-scale tests
A comparison of the wear test results from the milestone formulations of this research
is presented in Figure 7.16. The 3 columns represent the volumetric wear at each
test temperature. In every material, the wear rate is considerably higher during the
250 ◦C test3, but this difference is particularly significant in formulations DM1988 and
DM2061, which contain pure hemp fibre. At 250 ◦C, DM1988 exhibits 225% more wear
than E308.
Figure 7.16: Sub-scale wear performance comparison of cold moulded composites
When the pure hemp fibre was replaced with a 25/75 hemp/aramid blend in
DM2065, the wear rate was drastically reduced at all temperatures. However, this
material exhibits anomalous behaviour with a higher wear rate at 80 ◦C than 150 ◦C.
It also exhibits a higher friction coefficient at this temperature, which suggests that
the two phenomena are related. It is suggested that this is caused by the absence of
copper from DM2065, which acts as a lubricant.
Otherwise, the friction coefficient of all the cold moulded materials is lower than
that of E308 throughout each test, particularly at the lower temperatures. It also
exhibits less short term stability than E308 (Figure 7.17), which could indicate that
the composite suffers from fade, or that the friction film is frequently built-up and
destroyed.
3The temperatures stated are the initial disc temperatures. By the end of each 250 ◦C stop, this
temperature approached 400 ◦C.
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Figure 7.17: Average friction coefficient of E308 and DM2065 during sub-scale wear tests
7.2.2.3 Full-scale tests
The composite DM2065, which was the product of many formulation adjustments and
exhibited acceptable performance on the automotive dynamometer, was developed fur-
ther through full-scale testing. Initially, a series of wear screening tests were performed
to achieve acceptable performance at this scale and to investigate other aspects of
the formulation identified earlier in this research. Subsequently, the composites were
examined using more rigorous friction characterisation schedules.
A. Wear testing The wear performance of DM2065 is compared with that of
the current market material, E308, in Figure 7.18. This provided a baseline against
which to compare other formulations. Also shown are the results from DM2123, which
contains pure hemp fibre, and DM2126, which contains 5% uncured rubber.
The wear rate of DM2065 is 41% lower than that of E308, but its friction coefficient
is lower too. E308 has an average friction coefficient of 0.43, whereas that of DM2065
is 0.35.
DM2123 exhibits a volumetric wear rate of 15.9 cm3, which is ∼30% lower than
that of E308, and is therefore within the target for this research. However, the fric-
tion coefficient (0.33) is unacceptably low. In contrast, the friction coefficient (0.40)
and volumetric wear (20.5 cm3) of DM2156 are comparable with that of E308. Unfor-
tunately, the bulk integrity of these pads was poor (Sections 7.2.3.2 and 7.2.4.2), so
development continued with DM2065.
B. Friction testing It was established that the wear rate of composite DM2065
remained well below that of E308 in full-scale tests, but it also exhibited a friction
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Figure 7.18: Baseline wear performance of cold moulded composites in full-scale tests
coefficient that was too low. Figure 7.19 shows the results of an investigation to increase
the friction coefficient by adding abrasives to the formulation.
The behaviour of DM2154, which contains 2% zirconium silicate, is regarded as
anomalous. This result was disregarded because it was shown that the addition of 4%
zirconium silicate, in formulation DM2155, increases (not decreases) the wear rate.
This adjustment also increases the average friction coefficient to 0.40, which is close to
that of E308 (0.45).
DM2156 and DM2133, which contain an additional 1% and 2% alumina, respec-
tively, exhibit better overall wear performance. However, the friction coefficient of
DM2133 (0.48) is slightly too high and the wear rate is less stable between the 3
stages of the test. DM2156 exhibits an almost identical friction coefficient (0.44) to
E308 (0.45), but a 60% improvement in the overall wear rate.
C. Full schedule 2A-1 testing The friction performance of DM2156 is compared
with that of E308 throughout the full UIC541–3 schedule 2A-1 test in Figure 7.20. In
general, it exhibits very similar behaviour, although it fades more in the severe brake
applications (46 kN) and has a higher friction coefficient under light braking loads.
This behaviour was particularly evident in the industrially mixed batch, although this
material otherwise exhibits friction stability comparable to that of E308.
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Figure 7.19: Effect of abrasive content on the friction and wear of cold moulded composites
Figure 7.20: Comprehensive friction and wear performance of E308 and DM2156
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7.2.3 Macro photography
The appearance of each brake pad was examined for signs of damage after testing.
Images of the milestone formulations are presented in the following sections.
7.2.3.1 Sub-scale tests
The post-test appearance of the current market material is compared with that of the
cold moulded friction composites in Figure 7.21. E308 has a uniform surface appear-
ance, free from cracks and defects, but it seems more rough than some of the cold
moulded pads. The bright spots are caused by the brass chippings, which appear to
have formed contact patches.
(a) E308 (b) DM1988
(c) DM2061 (d) DM2065
Figure 7.21: Post-test appearance of brake pads after sub-scale wear testing
In contrast, DM1988, which is a cold moulded analogue of E308, exhibits severe
damage. The surface of the pad is badly cracked and has many craters where material
has been been removed. Nonetheless, the shiny appearance provides evidence that a
friction film has formed in the defect-free regions.
DM2061 and DM2065 have a much better appearance, although DM2061 still ex-
hibits some cracking and cratering. The surface of DM2065 is much more smooth and
shiny than E308 and it supports a uniform friction film across both pads.
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7.2.3.2 Full-scale tests
The post-test appearance of the current market material is compared with that of the
cold moulded composites in Figure 7.22. This figure shows a single UIC 200 pad of
each material, but the brake calliper contains 4 of these pads.
The surface of E308 is characterised by two different topologies. In the shiny regions,
the individual components of the pad cannot easily be distinguished and the surface
is smooth. This topology is most obvious in the middle-right section. Around the
inner and lower edges of the pad, the surface appears more rough and the brass and
vermiculite components can easily be distinguished. It is suggested that the former
region represents the true contact area and friction film.
In contrast, the surfaces of all of the cold moulded pads have a uniform appearance,
although some contain defects. DM2123, which contains pure hemp fibre, is badly
cracked, although the cracks are much less severe than those observed in DM2061
during sub-scale tests. DM2126, which contains 5% uncured rubber, has a very smooth
appearance across most of its surface, but this is punctuated by small craters—some
of which contain metallic inclusions (bottom-right). These craters are observed to act
as initiation points for micro-cracks that extend across the entire surface.
The ultimate composite, DM2156, exhibits none of these features. The surface is
very smooth and shiny and the edges of the grooves are well defined. This indicates
that the composite has excellent integrity and supports a uniform friction film. The
only marks that are visible are those left by the grinding process used to dress the
surface of the pad during the final stage of manufacture (middle-left). The wear rate
of this material is so low that these marks have not been removed by testing.
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(a) E308 (b) DM2123
(c) DM2126 (d) DM2156
Figure 7.22: Post-test appearance of brake pads after full-scale wear testing
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7.2.4 Scanning Electron Microscopy
The post-test appearance of selected friction composites was examined by SEM to look
for evidence of the prevailing wear mechanism. In all of the images presented in the
following sections, the relative motion of the brake disc is from top to bottom.
7.2.4.1 Lab-scale tests
It was noted during the development of formulation DM2061 that the material made
with pure aramid fibre reinforcement had a much lower wear rate than that reinforced
with pure hemp. The worn surfaces of the two materials are presented in Figure 7.23
(a) DM2061 (hemp) 30× (b) DM2061 (hemp) 180×
(c) DM2061 (aramid) 30× (d) DM2061 (aramid) 180×
Figure 7.23: SEM micrographs of DM2061 with hemp and aramid fibre reinforcements after
lab-scale testing
Although the raw phases of the material are clearly visible in both samples, much of
their surfaces are covered with elongated patches of monolithic appearance. For clarity,
some of these patches are highlighted in Figure 7.24. These patches are the secondary
plateaus that are formed by the agglomeration of wear debris (Section 2.5.4.2) and
they are much more prevalent in the sample containing aramid. It appears that the
growing contact patches have joined up to form much larger regions in this material.
The formation of secondary plateaus is dependent on the presence of a primary
plateau—typically a robust phase of the composite, well embedded in its matrix, with
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Figure 7.24: SEM micrograph with contact patches highlighted (cf. Figure 7.23(c))
a lower wear rate than its surroundings. In this study, it is suggested that aramid
performs this role better than hemp fibres, which are observed to protrude from the
surface of the pad without supporting a build-up of material.
Where debris has accumulated in the hemp-based sample, the patches formed have
a rougher appearance and exhibit more evidence of cracking and flaking than those of
the sample containing aramid.
The aramid-based DM2061 sample has a very similar surface appearance to that
of DM2156, the ultimate product of this research, which is shown in Figure 7.25. The
surface of DM2156 is uniform and the raw ingredients are clearly visible, yet at least
50% of them are covered with wear plateaus. EDX elemental analysis (Table 7.7) shows
that the major components of these plateaus are iron and oxygen, which indicates that
the bulk of the debris has been transferred to the pad from the cast iron brake disc.
Table 7.7: Elemental analysis of contact patches formed on lab-scale test specimens
C O Mg Si S Ca Fe Cu Ba
E308 9.91 14.0 0.42 1.62 0.70 0.21 70.5 1.20 1.52
DM2156 13.2 29.3 2.35 1.99 1.83 0.28 47.4 – 3.70
Two distinct regions are visible in E308. The first, in Figure 7.25(c), is characterised
by scattered contact patches of thin appearance, whereas the second, in Figure 7.25(d),
contains much larger consolidations of debris. In general, the surface has a much less
uniform appearance. The contact patches in this material are also mainly composed of
iron, but in addition they contain a small percentage of copper from the brass in this
formulation.
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(a) DM2156 30× (b) DM2156 30×
(c) E308 30× (d) E308 30×
Figure 7.25: SEM micrographs of DM2156 and E308 after lab-scale testing
7.2.4.2 Full-scale tests
The post-test appearance of selected composites after full-scale testing is shown in
Figure 7.26. DM2123 exhibits large cracks, which are observed to penetrate deep into
the bulk of the material. In general, the surface of the pad surrounding these cracks
does not exhibit the same topography of wear plateaus seen on DM2156; instead it is
pitted with small craters where material has been removed.
DM2126 also has a completely different surface topography from DM2156. The
entire surface is covered with a friction film. In some places this even adheres to the
coke particles, which was not seen in the other materials. It was observed by macro
photography that the surface contained metallic inclusions. One such inclusion is shown
in Figure 7.26(d). EDX confirms that this is a particle of iron, which must have been
detached from the brake disc (Table 7.8). This behaviour was only observed in the
cold moulded materials that contained rubber.
E308 also contains a significant quantity of rubber, but it does not exhibit this
metal pick-up phenomenon. The surface of E308 is, however, also mostly covered with
a friction film, which obscures the view of the individual raw phases. This film has
a smeared, plate-like appearance, which suggests that it is built up layer upon layer,
possibly with each brake application. The elemental composition of the wear plateaus
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Table 7.8: Elemental analysis of contact patches formed on full-scale test specimens
C O Mg Al Si S K Ca Fe Cu Zn Ba
DM2123 27.6 35.2 8.00 3.87 8.31 2.55 2.41 2.11 5.35 – – 4.56
DM2126 16.7 15.6 2.46 – 1.31 1.32 – – 60.4 – – 2.23
DM2156 28.5 34.4 14.1 – 2.52 2.22 0.42 0.46 9.73 – – 7.68
E308 23.4 4.37 1.13 – 2.99 2.78 0.77 1.98 33.7 4.73 3.21 21.0
is mainly iron, but also contains a significant quantity of copper and zinc from the
brass component of the pad. There are also many regions of the surface that have
suffered damage and are pitted with craters of various sizes from ∼100 µm to ∼2 mm
in which the raw phases of the composite are visible.
In contrast, the surface of DM2156 is populated with a multitude of much smaller
wear plateaus, the majority of which are discrete, although some have conglomerated
to form structures up to ∼200 µm wide. In between, the raw material phases are
distinctly visible and there is no evidence of any damage to the surface anywhere.
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(a) DM2123 (30×) (b) DM2123 (30×)
(c) DM2126 (30×) (d) DM2126 (30×)
(e) DM2156 (30×) (f) DM2156 (30×)
(g) E308 (30×) (h) E308 (30×)
Figure 7.26: SEM micrographs of selected friction composites after full-scale wear testing
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7.2.5 Disc wear evaluation
The surface profile of the wear track made in the brake disc by each composite material
after the 2,500 stop fricton performance test is shown in Figure 7.27. The white regions
at the edges of each image represent the unworn portions of the disc (i.e. those outside
the wear track).
(a) E308 (b) DM2065
(c) DM2154 (d) DM2155
(e) DM2156 (f) DM2133
Figure 7.27: Surface profile of brake discs after lab-scale friction testing
The current market material, E308, has produced a track ∼80 µm deep but con-
tains some grooves that extend down to ∼130 µm. In contrast, the wear track of
DM2065 is just 20 µm deep and has a much finer architecture of grooves. DM2154
and DM2155, which contain an additional 2% and 4% zirconium silicate, respectively,
have wear track depths of ∼30 µm and ∼40 µm. These share the same fine groove
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structure with DM2065, although DM2155 exhibits some evidence of galling. DM2156
and DM2133 exhibit progressively more coarse grooves, but not to the extent of E308.
These materials, which contain an additional 1% and 2% alumina, respectively, have
wear track depths of ∼60 µm and ∼110 µm.
The disc wear data is summarised in Figure 7.28, which was calculated from the
cross-sectional area of each wear track (i.e. from profiles similar to those shown in
Figure 7.30).
Figure 7.28: Disc wear caused by cold moulded friction materials
The surface profile of the central region at the bottom of each wear track is shown
in Figure 7.29, together with the calculated surface roughness (Sa) values. This shows
the nature of the contact situation between the pad and disc in detail. E308 has by far
the roughest surface (Sa = 9.77 µm), whereas all of the cold moulded materials, apart
from DM2133, have an average roughness in the region of 2 µm.
A comparison of the cross-sectional profiles of E308 and DM2156 reveals the scale
of the difference in groove architecture (Figure 7.30). DM2156 produces a consistent
profile across the width of its track, whereas that of E308 is punctuated by several
deep furrows. It is suggested that this is evidence that the two materials operate with
different wear mechanisms and that E308 is the more abrasive of the two.
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(a) E308 (Sa = 9.77 µm) (b) DM2065 (Sa = 1.52 µm)
(c) DM2154 (Sa = 2.25 µm) (d) DM2155 (Sa = 1.40 µm)
(e) DM2156 (Sa = 2.02 µm) (f) DM2133 (Sa = 3.17 µm)
Figure 7.29: Surface roughness of brake disc wear tracks after wear by friction composites
during lab-scale friction testing
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(a) E308
(b) DM2156
Figure 7.30: Cross-section profile of brake disc wear tracks after wear by friction composites
during lab-scale friction testing
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7.3 Discussion
To identify the cause of the poor wear rate in DM1988 (the cold moulded analogue
of the current market material), a series of tests were performed to eliminate some
fundamental material properties. It was shown that the matrix resin must be at least
70% cured in order for the wear rate to reach a stable level. This requires a post-bake
duration of ∼43 min (Section 4.2.1.2), however it was decided to bake the pads for 3 h
to achieve an 85% degree of cure and therefore have a 15% safety margin. In addition,
it was observed that the composite must contain at least 17.5% resin to maintain a
stable wear rate. Below this level, the composite has poor mechanical integrity because
there is insufficient resin to bind its ingredients together, which is why the wear rate
increases sharply. At 25%—the level in DM2065 and DM2156—the wear rate did not
change significantly.
However, it was shown that the hemp fibres used to reinforce the composite should
be processed, otherwise the wear rate increases. This behaviour is attributed to the
poor reinforcement capability of virgin fibres (Section 6.2.1.1), owing to their inferior
morphology (Section 4.2.2.6) and poor bonding with the matrix (Section 6.2.1.7).
The addition of other ingredients, particularly iron disulphide (Section 7.1.4) re-
duced the wear rate of the cold moulded material substantially, but it was shown that
the low thermal stability of the cellulosic fibres was the primary source of the poor
wear rate. Although the wear rate of a material containing pure hemp fibre (DM2123)
was below that of E308 in full-scale tests, it exhibited poor integrity and the surface
of the pads was badly cracked afterwards. In sub-scale tests, the wear rate of the
material containing pure hemp (DM2061) was substantially worse than E308, but this
is attributed to the difference in scale of the two tests, particularly the changes in
geometry, energy density, and temperature.
By using virgin aramid fibre in place of hemp, it was shown that the wear rate of
the composite could be halved and that it became more stable between tests. It was
observed that the wear rate of the composite tended towards a limit after approximately
1500 stops. This is attributed to the build up of a stable transfer film and the formation
of a carbonaceous char from the decomposition of the organic components, particularly
the resin. This has been shown to insulate and protect the remaining bulk of the
composite material [24].
In addition, the use of virgin aramid fibre improved the mechanical integrity of the
composite such that it exhibited no surface cracks after testing. This is attributed to
the stabilisation of the thermal expansion coefficient of the composite (Section 6.2.2.3).
Recycled aramid, however, did not exhibit this behaviour. It is suggested that this is
because it does not bond as well with the matrix as the virgin fibre (Section 6.2.1.7).
It was shown that recycled aramid has the same decomposition temperature as virgin
323
Chapter 7
aramid (Section 4.2.2.3), but previous research has shown that the recycling process
changes its morphology (by removing the fibrils that form on its surface) such that
the mechanical properties of a friction composite deteriorate [9]. Furthermore, it was
shown that a ‘plain’ fibre (virgin hemp) offers less mechanical reinforcement than a
fibrillated one (Section 6.2.1.1: ‘processed hemp’).
By blending virgin aramid with hemp fibre, it was shown that the natural organic
content of a brake pad could be boosted without significant depreciation in wear per-
formance. However, it was observed in both lab-scale drag tests and sub-scale wear
tests that the use of blended fibres caused considerable instability of the friction coef-
ficient (Sections 7.2.2.1 and 7.2.2.2). It is suggested that this is because the two fibres
support different wear mechanisms and that destructive interference is caused between
them by blending the fibres. In particular, it is suggested that the decomposition of
hemp yields amorphous carbon, which acts as an additional lubricant. Alternatively,
this carbon may act as a reducing agent within the friction film and thus interfere with
the formation of metal oxides, which are typically hard and abrasive.
It was observed by SEM that the surfaces of the pads contained a different arrange-
ment of contact plateaus, depending on whether hemp or aramid fibre was used as
the reinforcement (Figure 7.23). Furthermore, the behaviour of the friction coefficient
during each application of a drag test was also fundamentally different: hemp-based
samples exhibited a strong tendency to fade as the temperature rose above 110 ◦C. In
contrast, the friction coefficient of the aramid-based sample and that of the current
market material remained stable throughout, although the bulk disc temperature was
much higher.
Nonetheless, the tribological performance of the sample containing a 25/75
hemp/aramid blend (DM2065) was shown to be acceptable in full-scale rail dy-
namometer tests, although the friction coefficient was too low (Figure 7.18). It
was shown that this could be improved by increasing the abrasive content of the
formulation and that the resultant disc wear was 15% lower than that of the current
market material.
Furthermore, the surface roughness of the wear track made in the brake disc by
composite DM2156 was ∼3× lower than that made by E308 and it did not contain
deep gouges or grooves. This is indicative of a fundamentally different wear mechanism
in the cold moulded composite and it is attributed to the CNSL-based resin, since this
is the most significant difference between the two materials. It was observed that all of
the composites made with this resin (including those not shown here) created a wear
track with a similar appearance, irrespective of the other ingredients present.
After full-scale testing, the surface of the DM2156 pads was smooth and shiny; it
was observed to have a uniform friction film across the entire surface of the pad. In
contrast, the surface of E308 was characterised by two different regions: one in which
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material appeared to have been forcibly torn from the composite bulk, and the other
with a heavily deformed film composed of iron and brass smeared across large regions
of the pad.
DM2156 was populated with myriad secondary wear plateaus, beneath which the
raw phases of the composite were visible. It is widely reported that the formation
of such plateaus is fundamental to stable friction and wear behaviour, provided that
they are not easily destroyed [16, 17, 26, 30–33, 70, 267, 269, 277–279]. The plateaus
on E308 exhibited a plate-like structure, which implies that they may build up layer
upon layer until becoming unstable and then detaching from the surface in the manner
described by Eriksson and Jacobson [17] and others [70, 268]. In contrast, the plateaus
on DM2156 exhibited no evidence of damage or detachment and seemed much more
stable.
It has been observed that contact patches grow in response to higher braking loads
and that this is far in excess of that necessary to provide the required contact area
described by Hertzian mechanics [17, 121]. The phenomenon is therefore a direct result
of the wear mechanism of the material. Under severe wear conditions, the contact
patches conglomerate to cover large regions of the rubbing surface [26, 255], similar
to those observed on E308. The difference in surface topography between E308 and
DM2156 suggests that the two materials have a significantly different wear mechanism.
It is suggested DM2156 is more resilient to high braking loads since its surface contains
much smaller wear plateaus.
The surface of E308, which contains rubber, was not dissimilar to that of DM2126,
which also contains rubber. The rubber was added to improve the mixing of the
composite (Section 6.2.1.8), but it caused the friction coefficient to become unstable.
This is attributed to the transfer of metal particles from the disc, leading to severe
metal-on-metal contact, which causes noise, vibration, and harshness in braking [26, 30]
and excessive disc wear. The reason for this phenomenon is unknown, but it is suggested
that the cold moulded composites in general have an adhesive wear mechanism and
that the addition of rubber enhances this mechanism to the extent that metallic wear
debris is incorporated into the surface of the friction film. In particular, it is likely
that the rubber phases melt and absorb loose wear debris, which is predominantly iron
from the brake disc [289, 413, 414]. A similar mechanism was observed by Severin and
Do¨rsch [26].
The hypothesis of an adhesive wear mechanism is supported by the observations
that the cold moulded composites are softer, less stiff, and more tough than the conven-
tional material (Section 6.2.1). In addition, the wear track produced by these materials
is smoother, and the quantity of wear is lower. The contact plateaus also exhibit evi-
dence of galling in some cases, which is characteristic of adhesive wear [121].
In contrast, E308 causes more wear to both halves of the friction couple and creates
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severe gouges and grooves in the brake disc. The surface of this material is populated
with craters where material has been torn away, and the smeared contact patches
appear to have been highly stressed. These characteristics are indicative of abrasive
wear.
Despite the proposed differences in wear mechanism, DM2156 was shown to exhibit
comparable tribological performance to E308 in the full international standard test for
RURT brake pads. In addition, it has a 60% lower wear rate and causes 15% less wear
to the disc. This material will now be service tested on a live RURT vehicle before
adoption into the marketplace.
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7.4 Conclusion
A successful friction composite has been manufactured by cold moulding. This compos-
ite has a CNSL-based resin matrix and is reinforced with a blend of hemp and aramid
fibres. It was shown that the composite must contain a minimum of 17.5% resin (by
volume) and that this must be at least 70% cured to achieve acceptable friction and
wear performance. In addition, it was found that processed hemp reinforcement fibres
provided better wear performance than virgin hemp, but that it was necessary to sup-
plement this with aramid to improve the mechanical integrity of the composite at high
temperatures.
In certain ratios, the blend of hemp/aramid fibres caused the friction coefficient to
become unstable. It is thought that this was caused by competing wear mechanisms.
Furthermore, it is proposed that all of the cold moulded composites have a fundamen-
tally different wear mechanism from that of the current market material, and that this
is responsible for their improved tribological performance. A detailed surface examina-
tion of both halves of the friction couple revealed evidence of an adhesive, rather than
abrasive, wear mechanism, which was attributed to the characteristic properties of the
CNSL-based resin.
The ultimate product of this research, composite DM2156, has comparable friction
performance to the current market material, but has a 60% lower wear rate and causes
15% less disc wear.
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Conclusions
The development of a novel friction composite from a low-energy manufacturing process
was investigated. This investigation identified an environmentally sustainable resin,
derived from cashew nut shell liquid (CNSL), which was suitable for cold moulding. It
was shown that the properties of this resin enabled it to be mixed and moulded into
a composite without the application of external heat. In addition, it was shown that
natural hemp fibres could provide an effective reinforcement if their morphology was
suitably refined.
The CNSL-based resin (S2501) was compared with a conventional phenol–
formaldehyde resin (J1506) commonly used in brake pad manufacture. Spectroscopic
analysis confirmed that the most significant (chemical) difference between these resins
was the presence of a long, unsaturated aliphatic side chain in S2501. Thermal and
mechanical analyses of the two resins revealed that the properties and behaviour
of S2501 were considerably different from those of J1506. These differences were
attributed to the presence of the side chain in CNSL and the steric hindrance that it
causes.
It was shown that virgin S2501 behaves as an extremely viscous, shear-thinning
liquid that softens over a broad temperature range beginning at ∼65 ◦C and reaching
a minimum at 144 ◦C. In contrast to the conventional resin, it has a low reactivity and
begins to cure at a higher temperature (∼125 ◦C). The enthalpy of cure for S2501 is
∼137 J g−1, whereas that of J1506 is ∼227 J g−1. In order to achieve a complete cure
of S2501 at 150 ◦C, it is necessary to post-bake it for ∼24 h, but it was shown that a
70% cure is sufficient to achieve adequate tribological performance.
Below 150 ◦C, a complete cure is not possible because the resin becomes vitrified.
Owing to the density of cross-links and steric hindrance of the aliphatic side chain,
S2501 does not exhibit a well-defined glass transition. However, the fully cured resin
does soften somewhat in the region of 100 ◦C.
It was noted that S2501 has superior thermal stability to J1506 at temperatures
below 400 ◦C, but that it spontaneously combusts at higher temperatures in air. How-
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ever, it was shown that this does not occur when the resin is used in a composite,
although the reasons for this were unclear.
In order to produce a composite mixture with this resin, it was necessary to blend
it in a high shear mixer. This generated the necessary agitation—within the laminar
flow regime—for dispersing the matrix amongst the other phases. The process was
improved by softening the resin, which was achieved by blending it with hemp fibres
to generate heat through friction.
Since the interaction between the resin and fibres was critical to the cold mould
mixing process, it was necessary that the fibres had particular morphological proper-
ties. To meet the requirements of strength, fibrillation, surface area, bulk density, and
uniformity it was necessary to modify the virgin hemp fibres. This was achieved by
repeatedly processing them through a La Roche ‘opening machine.’
It was found that retted hemp fibre responded best to processing because some of
the lignin and hemicellulose that binds the fibres together had been removed by mi-
crobial attack. The removal of these components also improved the interfacial bonding
between the fibre and the hydrophobic CNSL-based resin matrix. When examined by
SEM, the surface of the retted fibres appeared rough: it was clear that the cutaneous
material had been broken down through retting.
Owing to the irregularity of the processed hemp fibres, their degree of fineness
and fibrillation could not be determined by standard industrial techniques (e.g. laser
scanning or image analysis). However, it was demonstrated that this information could
be inferred from two non-standard tests: DMA and arealometry. In combination with
microscopic analysis, the data from these tests confirmed that the degree of fibrillation
and surface area of the fibres increased—and that their bulk density decreased—with
each process pass through the La Roche machine. Two passes were found to provide
the optimum improvement in properties. Additional process passes eventually reduced
the fibres to dust.
The thermal stability of processed hemp fibre was very similar to that of rayon,
a synthetic form of highly crystalline cellulose. The onset of thermal degradation in
hemp was measured at ∼234 ◦C. This temperature is low with respect to the oper-
ating temperature of RURT brake pads so it was blended with aramid to improve its
performance. It was found that aramid staple fibre (1076) had suitable morphological
properties for blending; the presence of hemp fibre in the blend improved its bulk den-
sity in respect of its suitability for mixing. However, no synergistic thermal effect was
observed by blending the fibres and it was noted that an anti-synergistic effect may
occur at blend ratios of 50/50 and 75/25 hemp/aramid.
No difference was observed between the thermal stability of virgin and recycled
aramid, but it was found that the wear rate of composites containing the recycled fibre
was significantly greater. It was suggested that this is because the recycling process
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removes the layer of crystalline material that forms a skin around the fibre core, and
which bonds well with the composite matrix.
In summary, retted and twice processed hemp fibre was found to have the optimum
properties for cold mould manufacturing of friction composites and aramid staple fibre
1076 was identified as a suitable supplementary fibre to improve the thermal stability
of such composites.
Mixing was found to be the most fundamental stage of cold mould manufacturing. A
4-step procedure was developed to blend the various ingredients together in a controlled
fashion. The duration of step 2 and the morphology of the hemp fibre were identified as
critical variables in this process. The subsequent moulding process could be performed
at room temperature in less than 5 s, which is approximately 100× faster than the
current hot moulding method. Thermal analysis of the resin and composite showed
that it could achieve the necessary 70% minimum level of cure in ∼43 min at 150 ◦C.
The manufacturing process was successfully scaled up to produce a 250 kg batch of
composite material and it was shown that this had similar properties to that produced
on a 1 kg scale. In general, the cold moulded composites were found to be weaker, but
tougher than the current market material, although they passed the minimum strength
requirements.
In tribological tests it was shown that the wear rate and mechanical integrity of
CNSL-based friction composites reinforced with hemp fibre alone was poor—although
it was shown that processed hemp performed better than virgin hemp. This behaviour
was mainly attributed to the poor thermal stability of the hemp fibre, although fibre–
matrix bonding was also thought to play a role.
It was shown that both the wear rate and mechanical integrity of the composite
could be improved substantially by blending the hemp fibre with aramid. However, it
was noted that this destabilised the instantaneous friction coefficient at certain blend
ratios. This effect was worst at a ratio of 50/50. It was suggested that the two
fibres support different wear mechanisms and that these destructively interfere with
the formation of contact patches within the friction film.
Similarly, it was noted that the friction coefficient and wear rate were sensitively
dependent on the presence of certain abrasives, such as alumina and zirconium silicate.
In contrast, metal sulphides, such as iron disulphide, were found to stabilise the friction
coefficient and promote a steady wear rate. Rubber was found to promote the transfer
of metallic wear debris from the brake disc into the friction film, leading to the formation
of hot spots and severe wear.
By adjusting the type and quantity of the various abrasives, lubricants, and fillers
in the composite it was possible to produce a brake pad with comparable friction
performance to the current market material. In addition, this brake pad had a 60%
lower wear rate and caused 15% less disc wear. Moreover, it was observed that the
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CNSL-based friction composites in general exhibited a different (and less aggressive)
wear mechanism from the conventional material. From microscopic examinations of
worn brake pads, it was suggested that this mechanism is more adhesive than abrasive.
In summary, this research has successfully developed a low energy manufacturing
process for producing friction composites by cold moulding. The new process makes
use of an environmentally sustainable resin derived from cashew nut shell liquid and
environmentally sustainable hemp fibre. It requires no external heat to mould the
composite into a brake pad and consumes 400% less energy than the current process.
Furthermore, it is 3.5× faster than the current process and produces composites with
superior wear performance.
The brake pads produced by this research have a stable friction coefficient, which
is comparable to that of the current market material; they last 60% longer; and they
cause 15% less disc wear. These characteristics have been proved in full scale tests
that were performed in accordance with the international standard test procedure. It
is anticipated that they will be field tested by a train operating company in 2014 as
the final stage of market acceptance.
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Industrial Manufacture of Brake Pads
In addition to the issues associated with scale-up of production (which are discussed
in Chapter 5), one further obstacle must be overcome to manufacture brake pads on
an industrial scale.
To produce a brake pad from a friction composite, it must be attached to a backplate
of some description so that it can be mounted in the calliper of the braking apparatus.
This is not necessarily a straightforward step, especially when the friction material
is produced by cold moulding. In the conventional manufacturing process, a heat-
activated adhesive is used to bond the friction composite to the backplate; this adhesive
is cured under pressure as the composite is moulded. However, if the pad is produced
by cold moulding, the adhesive will not cure until it is post-baked. The absence of
pressure during this step reduces the intimacy, and therefore the strength, of the bond.
Methods to improve the interfacial bond strength were investigated as part of this
research.
A.1 Methods
The industrial manufacturing process began with preparation of the backplates. These
were shotblasted on both sides to provide a clean surface with a good key for the
subsequent application of adhesive and paint. Apart from ‘Aquabond 09’, which was
applied by brush, all of the adhesives were sprayed onto one side of the plate with a
uniform thickness of ∼20 µm. This was allowed to dry in ambient conditions for 2 h.
The treated backplates were mounted, adhesive side up, into the bottom of a pos-
itive mould cavity and friction material was cold moulded onto them in the manner
described in Section 5.1.1.
Performance of the interfacial bond was assessed in terms of shear strength and
mode of failure, which should be cohesive rather than adhesive (i.e. failure should
occur within the friction composite rather than the adhesive layer). The percentage of
friction material remaining on a backplate after a shear test was used as a measure of
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adhesion. Regulation 90 [415], for automotive brake pads, stipulates a minimum shear
strength of 250 N cm−2 but brake pad manufacturers often set higher limits—European
Friction Industries1 [320] has an in-house minimum of 400 N cm−2 with 70% material
retention. Although there is no equivalent requirement for railway brake pads in UIC
code 541–3 [12], the EFI in-house standard shear strength was adopted as a minimum
benchmark for the brake pads produced during this research.
The brake pads produced for this research were tested in accordance with
ISO 6312:2001, for the determination of shear strength. This standard specifies that
brake pads are subjected to normal and tangential loads until failure. The tangential
load is uniformly applied to the friction material (at a distance of 1 mm from the
backplate), and increased at a rate of 4.5 kN s−1. The normal load is held constant at
0.5 MPa throughout the test.
Interfacial bond performance was evaluated on a laboratory scale using Mercedes
automotive brake pads. During preliminary tests with DM1976 material in this con-
figuration it became clear that the interfacial bond produced by cold moulding was
unacceptably poor in terms of both strength and integrity. To improve this situa-
tion, the two aspects (mechanical and chemical) of interfacial bonding were addressed
individually.
Mechanical bonding
To increase the mechanical ‘grip’ of the backplate to the friction material, an alternative
backplate design was tested. Commercially available Nucap ‘NRS’ backplates [352, 353]
with a surface populated by an arrangement of ‘hooks’ were used.
Chemical bonding
To achieve a strong bond between the friction material and backplate, the adhesive
used should have a good chemical affinity for both. It was beyond the scope of this
research to modify the chemistry of the adhesive, but it was possible to adjust the
friction material formulation to include ingredients that bond well with it. Several
different commercially available adhesives were investigated; these are summarised in
Table 3.5 in the Materials chapter. Of these, ‘Aquabond 09’ proved the most successful,
but to further improve its bond strength the following formulation adjustments were
evaluated:
Resin interlayer — A layer of S2501 or F4514 resin between the friction composite
and its backplate. 5 g of resin was evenly spread over the backplate before the
1Lead industrial partner in the Ecobrake project.
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friction material was added to the mould (S2501 was crushed to a coarse powder
to achieve this).
Dispersion of resin within the adhesive — 6 g of F4514 resin was mixed into 50 g
of R6894 adhesive prior to spray application onto backplates.
Rubber-rich friction material — 5% NBR rubber was added to the friction ma-
terial formulation because adhesives for friction materials are chemically based
upon NBR rubber adhesives.
Rubber-rich interlayer — A layer of rubber-rich material between the friction com-
posite and its backplate. DM1976 was modified by adding 30% NBR rubber in
place of barium sulphate. 30 g of this material was evenly spread over the back-
plate before unmodified DM1976 was added to the mould.
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A.2 Results and discussion
To make a brake pad, it is necessary to bond a friction composite to a steel backplate,
which facilitates mounting of the pad in a brake calliper. In the conventional hot mould
process, a chemical bond is formed with a heat-activated adhesive when the composite
is pressed. However, the absence of combined heat and pressure in the cold moulding
process weakens this bond, so it was necessary to find a way of strengthening it.
The shear strength of E308, the current market material, mounted on a plain back-
plate with the standard ‘Aqualock AL6002’ adhesive was 1044 N cm−2 and 100% of the
friction material remained on the backplate after the test (Figure A.1(a)).
The interfacial bond performance of DM1976 in combination with various standard
adhesives and backplates is shown in Table A.1. When mounted on a plain backplate
with Aqualock adhesive, which is used in hot mould manufacture, neither the shear
strength nor the adhesive bond of DM1976 were acceptable (Figure A.1(b)). The use
of the alternative water-based adhesives ‘R6698,’ ‘R6894,’ which were designed for
cold mould applications, improved the strength of the bond sufficiently to reach the
minimum of 400 N cm−2 but material retention was still poor.
(a) (b)
Figure A.1: Appearance of backplates after shear testing (a) E308 and (b) DM1976
The interfacial shear strength of all samples was improved substantially by the
use of NRS backplates, which provided an additional mechanical anchor to bond the
friction material. These backplates also retained a greater proportion of the composite
material, which indicates that the adhesive junction was under less strain.
On the basis of these tests, NRS backplates and the adhesive R6894 (which has a
longer shelf-life than R6698) were initially chosen for the development of brake pads
from this research. Although the 70% material retention criterion was not met by this
combination, the chemical bond strength is less pertinent to UIC brake pads because
the backplate is integrally moulded into the friction material.
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However, it became clear that this adhesive was inappropriate when the formulation
was developed from a simple test material into a tribologically sound friction composite
(e.g. DM2065). Although the shear strength of DM2065 was greater than 400 N cm−2,
it was considerably lower than that of E308 and DM1976, and very little composite
material was retained by the backplate/adhesive system. Increasing the moulding
pressure from 30 MPa to 45 MPa did not improve the adhesive bond.
To increase the quantity of free resin available to bond with the adhesive, the resin
content of DM2065 was increased to 30% in formulation DM2110. This improved the
shear strength slightly, but did not change to the mode of failure. The use of a pure
resin interlayer between the adhesive and friction material was also tested. Two resins
were tried: S2501 (the friction composite matrix resin), and F4514 (a typical hot mould
resin). The shear strength of the S2501 interlayer specimens was below the minimum
requirement, although it was evident from a post-test inspection of the backplates that
the resin had formed a good bond with the adhesive, but not with the friction material
(Figure A.2(a)). The F4514 resin interlayer, however, had an acceptable shear strength
(513 N cm−2) and many samples exhibited better material retention, although this was
unevenly distributed and the total was below 70% (Figure A.2(b)). In an attempt to
improve the distribution of resin it was blended with the adhesive, but this did not
improve the bond.
(a) (b)
Figure A.2: Appearance of backplates after shear testing DM2065 with resin interlayers of
(a) S2501 and (b) F4514
Three alternative adhesives were also tested with DM2065. The solvent-based ad-
hesives ‘36810’ and ‘34FBF’ produced a strong bond but the failure mode was un-
satisfactory. The water-based adhesive ‘Aquabond 09’ produced a weaker bond, but
exhibited greater material retention. Aquabond is highly viscous (75 Pa s) and was
applied by brush, which resulted in a much thicker coating; it does not dry completely
in air and was tacky when the brake pads were pressed.
Aquabond was originally developed for bonding rubber compounds rather than
friction materials, and the chemical mechanism by which it operates can be impeded
by the presence of phenolic compounds [416]. To improve its affinity with the friction
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material, the formulation DM2141 was created—this had a reduced resin content (10%)
and contained 30% unvulcanised nitrile rubber. The shear strength of DM2141 with
Aquabond adhesive was 532 N cm−2 and the material retention was 100% (Figure A.3).
Figure A.3: Appearance of backplate after shear testing DM2141 with Aquabond adhesive
Although DM2141 produces an excellent bond with Aquabond adhesive, it does
not perform well as a brake pad. However, by adding a layer of DM2141 between
the adhesive and DM2065 friction material, a brake pad with excellent tribological
performance and a satisfactory interfacial bond can be produced: DM2065 bonds well
with DM2141, which in turn bonds well with Aquabond adhesive.
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A.3 Conclusion
The additional modifications needed to transform the friction composite developed by
this research into a commercially viable brake pad are summarised below.
It was found that the standard method used to bond a friction material to its
backplate was inappropriate for cold moulded composites. Both the shear strength
and failure mechanism were unacceptably poor.
The shear strength was improved by replacing the standard plain backplate with
an ‘NRS’ version, which incorporated an additional mechanical anchor. By using this
backplate in combination with an adhesive from the rubber industry, ‘Aquabond 09,’
it was found that the failure mode could be improved. However, the solution required
the insertion of a rubber-rich composite inter-layer between the adhesive and the fric-
tion composite. This did not significantly affect the shear strength and, with these
modifications, it was possible to use cold moulded friction composites in brake pads
for all RURT trains.
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Lab-scale Dynamometer Scaling
Calculations
The test parameters used for friction and wear tests on the lab-scale dynamometer were
scaled from the characteristics of the full size apparatus. Exemplar scaling calculations
are presented below. The physical characteristics of the standard UIC 200 braking
apparatus used in these calculations were taken from UIC code 541–3 [12].
A. Angular velocity The maximum velocity of a typical RURT vehicle is
70 km h−1, which is equivalent to 19.4 m s−1:
70×103
3600
= 19.4 m s−1 (B.1)
The diameter of a wheel on an RURT vehicle is 890 mm, hence it has a circumference
of 2.80 m:
Cwheel = piD (B.2)
= 890×10−3pi
= 2.80 m
From Equations B.1 and B.3, it follows that the wheel (and therefore the brake disc)
has an angular velocity of 417 rpm:
ωwheel =
vtrain
Cwheel
× 60 (B.3)
=
19.4
2.80
× 60
= 417 rpm
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The radius of the centreline through an RURT brake pad is 247 mm, hence the surface
velocity at this point is 10.8 m s−1:
vbrake =
2pirbrake × ωwheel
60
(B.4)
=
2× 247×10−3pi × 417
60
= 10.8 m s−1
The radius of the centreline through the brake pad on the lab-scale dynamometer is
50 mm, hence the angular velocity of the brake disc must be 2061 rpm in order to
achieve the same surface velocity as that of an RURT vehicle:
ωdyno =
vbrake
2pirdyno
× 60 (B.5)
=
10.8
2× 50×10−3pi × 60
= 2061 rpm
B. Energy An RURT vehicle is fitted with one brake disc per 7.7 t of vehicle mass,
hence the energy dissipated during a stop from 70 km h−1 is 1.46 MJ:
Etrain =
mv2train
2
(B.6)
=
7.7×106 × 19.42
2
= 1.46 MJ
Since the total area of the brake pads on an RURT brake disc is 400 cm2, this equates
to an energy density of 1.82 kJ cm2, hence the energy dissipated by the 4 cm2 lab-scale
dynamometer brake pad should be 14.6 kJ:
Edyno =
Etrain
Atrain
× Adyno (B.7)
=
1.46×106
400
× 4
= 14.6 kJ
The diameter of the flywheel fitted to the lab-scale dynamometer is 400 mm and it has
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a thickness of 32 mm. It is made from mild steel, which has a density of 7850 kg m−3.
Hence, it has a mass of 31.6 kg. The moment of inertia of the flywheel is therefore
0.631 kg m2:
Idyno =
mr2
2
(B.8)
=
31.6× 0.22
2
= 0.631 kg m2
At 2061 rpm (216 rad s−1), the energy stored in this flywheel is therefore 14.7 kJ, which
is within 1% of that of an RURT vehicle:
Edyno =
Iω2
2
(B.9)
=
0.631× 2162
2
= 14.7 kJ
C. Clamping force The maximum clamping force exerted by standard UIC brak-
ing apparatus is 46 kN, which is distributed over 4 brake pads with an area of 200 cm2
each. Hence, the pressure exerted on a UIC 200 brake pad is 575 kPa. Therefore, the
clamping force applied to the 4 cm2 brake pad in the lab-scale dynamometer should be
230 N to achieve the same pressure:
Fdyno =
Ftrain
Atrain
× Adyno (B.10)
=
46×103
2×10−2 × 4×10
−4
= 230 N
Thus, the maximum clamping force used in constant load tests was 230 N.
D. Braking torque The nominal friction coefficient of the current market material
(E308) was observed to be ∼0.7 when tested at a constant load of 230 N on the lab-scale
dynamometer. Hence, it generates a retarding force of 161 N:
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Fr = µR (B.11)
= 0.7× 230
= 161 N
Since this force acts at a radius of 50 mm, it generates a braking torque of 8.05 Nm:
Tdyno = Frx (B.12)
= 161× 50× 10−3
= 8.05 Nm
Thus, the maximum braking torque used in constant torque tests was 8.1 Nm.
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History and Development of Friction
Materials
Since the invention of the locomotive in 1804, friction materials have been a necessary
component on all rail vehicles. Early brakes consisted of a cast iron block forced against
either a running wheel or the engine flywheel. Surprisingly, rail friction technology
barely advanced beyond this crude design until the late nineteenth century; even in
2006, more than 97% of freight rolling stock was still equipped with cast iron brake
blocks [417].
Cast iron is, in fact, a remarkably good friction material for trains which run at low
speeds (below 120 kph) and stop infrequently, i.e. freight trains. It dissipates heat well,
cleans the wheel on each application, and has a stable coefficient of friction in most
weather conditions [417]. However, it also roughens the wheel, which is the leading
cause of noise pollution from freight trains [418] and does not electrically insulate rolling
stock from the track, which causes problems with modern signalling systems [417].
On passenger trains, which operate at higher speeds and stop more rapidly and
frequently, cast iron is unsuitable because its coefficient of friction is relatively low
(0.1–0.35). This coefficient is also more sensitive to initial energy input, such as ve-
hicle speed, axle load, and applied pressure, all of which vary significantly on any
single passenger train journey [418, 419]. Furthermore, cast iron wears rapidly and can
cause sparks; the wear particles represent both health and fire hazards, particularly in
confined spaces such as underground tunnels.
To cope with the demands of high speed passenger vehicles, new materials with
a higher coefficient of friction and good thermal stability were needed. The advent
of asbestos and Bakelite in the early 1900s enabled the development of organic brake
blocks which fulfilled this requirement, but train wheels could not cope with the heat
generated by such rapid deceleration and would become distorted [418].
An alternative form of braking became possible when electric trains were introduced
in the 1960s. Kinetic energy was converted into electrical energy by switching connec-
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tions to convert the drive motor into a generator. The electrical energy was dissipated
through a resistor to slow the train. This form of braking is still used today, but is
ineffective at speeds below 10 mph and must be used in conjunction with conventional
friction brakes [15].
By the 1980s, disc brakes were fitted to almost all passenger trains; these coped with
increased thermal loads by dissipating heat more efficiently [420]. However, the thermal
stability of friction materials became a problem when use of blue and brown asbestos
was banned in 1985. Not only were these fibres thermally stable beyond 800 ◦C, but
they performed many other tribological functions [18]. Friction materials underwent
extensive development to match the performance of asbestos-based formulations; no
single material was found as a direct substitute, but since then aramid has played a
major role in the friction industry [9]. In addition to the search for replacement high
performance fibres, research has also focussed on modification of the phenolic resin
matrices which bind friction compounds together [18, 35].
Thermal stability was again a problem when ultra high speed express trains (e.g. the
Japanese ‘Bullet,’ and French ‘TGV’ trains) were developed in the mid-twentieth cen-
tury. Organic compounds simply could not withstand the heat generated by braking
from such high speeds and were replaced with sintered metals [281]; as such, these
materials lay outside the scope of this research.
The most recent trend in rail brake technology is towards ‘regenerative braking,’
in which kinetic energy is recovered and stored for future use, rather than ‘lost’ to the
environment. The most common form of regenerative braking is simply an extension of
rheostatic braking; instead dissipating ‘waste’ electrical energy through a resistor, it is
stored or used to perform useful work [14]. As with rheostatic braking, this effectively
lowers the normal operating temperature of the supplementary friction braking system,
although it must still be able to withstand emergency stops.
344
Appendix D
Brake Wear Debris Toxicity
Nanotoxicology is an emerging discipline and, whilst the toxicity of brake wear debris
is unclear, it has been shown that brake pads produce ultrafine particles (UFPs) as
they wear. This phenomenon is especially pertinent to RURT vehicles because they
frequently operate in subway tunnels—where the debris has the potential to accumulate
to dangerous levels—or on elevated sections of track—from which dust can rain down
on the population below.
Most studies on brake wear debris have been performed in the laboratory on ma-
terial captured from a closed environment at close quarters to the source, thus the
obtained sample concentrations are not representative of real world emissions. How-
ever, these methods are useful for examining the characteristics of the debris generated.
The toxicity of a UFP is not necessarily intrinsic to the chemicals from which it is
composed, instead it may be determined entirely by geometric factors. The composition
of a friction material has a significant effect on the size, shape, and volume of wear
debris produced, hence it also has a significant effect on its toxic potential. Further
research is needed to identify the sources of UFPs in brake pads and to establish their
effect on human (and animal) health, and the environment.
D.1 Characteristics of brake wear debris
It has been shown that 35–50% of wear debris from automotive brakes becomes air-
borne [413, 421] and that brake wear contributes 20% of total road traffic emis-
sions [422]. Braking to a stop generates the greatest quantity of wear particles (i.e.
more than a drag or a minor speed change) [422].
Volume-based size distributions of airborne brake debris have a maximum at
∼100 µm, but the peak for number-based distributions is in the submicron range [289].
Micron-sized particles can travel hundreds of kilometres before settling in an open
environment and these are often resuspended by wind or passing vehicles [414].
However, it has been shown that in a subway environment (where concentrations of
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airborne particulate matter are significantly higher) the majority of airborne particles
are directly emitted (i.e. not resuspended) [423]. Nonetheless, PM2.5 and PM10
levels in subway stations are within the ranges 270–480 µg m−3 300–1000 µg m−3,
respectively—at least an order of magnitude higher than the EU daily exposure limits
of 25 µg m−3 and 50 µg m−3 [5, 414, 423]. Levels of these particles co-fluctuate with
traffic frequency, but vary from train to train [423]. However, another study showed
that the concentration of ultrafine particles (< 2.5 µm) in subway tunnels is lower
than that at the side of a busy main road [5].
Typical number-based size distributions have two peaks in the nanometre range; the
first is at∼10–50 nm, and the second is at 100–500 nm [17, 289, 421, 422, 424]. Particles
in the smaller range conglomerate to form larger particles (which contribute to the
second peak) as a result of surface interactions caused by their extremely high surface
area : volume ratio [289, 425]. The shape of this bimodal distribution is independent
of friction material composition or type (i.e. NAO or low metallic), but low-metallic
friction compounds produce a higher quantity of wear debris than NAO materials [413,
426].
High bulk disc temperatures, particularly above 300 ◦C, cause an increase in the
airborne concentration of nano-sized particles (NSPs), but the size distribution is in-
dependent of sliding speed or pressure [289, 421]. At elevated temperatures, the major
sources of NSPs are binder resin degradation and oxidation of the brake disc [421]. In
contrast, the mean size of conglomerates in the micrometre range is dependent on both
sliding speed and pressure [427, 428].
Nano-sized wear particles have the same chemical composition as the bulk fric-
tion material, which is composed of particles in the micron range. This indicates that
the pad ingredients become mixed on a very fine scale during third-body wear pro-
cesses [4, 289]. Transition metals [289, 413, 429–431] have also been identified as a
major component of wear debris, in particular, iron—the principle source of which is
brake discs and, in rail vehicles, from wheel–rail contact [5, 414, 423, 424].
It has been confirmed that laboratory pin-on-disc [424] and full scale dynamome-
ter [413] tests are a valid method of generating wear debris representative of full-service
rail vehicle tests. Size distribution, quantity, and elemental composition of wear debris
are similar in each test. However, there is a greater propensity for particle conglomer-
ation in field tests [424].
D.2 Toxicity of ultrafine particles
Atoms on the surface of a particle play a dominant role in determining its bulk
properties—including chemical and biological reactivity. Surface area is, therefore,
important in determining particle toxicity [432]. The surface–volume ratio of a par-
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ticle is inversely proportional to its diameter, hence materials that are benign on the
macro- and microscopic scale, can become toxic at the nanoscale [433]. Furthermore,
for a given atmospheric mass concentration, the number of particles also increases
exponentially in inverse proportion to particle diameter [434].
NSPs are deposited much deeper in the lungs (i.e. amongst the alveoli), and have
been reported to cause a greater inflammatory response than larger particles of the
same composition [414, 435–437]. Furthermore, NSPs exhibit the ability to translocate
to extrapulmonary sites, and therefore have the potential to cause adverse effects in
regions of the body other than the lung [436].
The toxicity of ultrafine particles is unclear. Although many studies report that
exposure to such particles causes adverse respiratory and cardiovascular effects (result-
ing in morbidity and mortality), there are also several that find no such link [5, 436,
438, 439]. In those which do make a positive connection, ‘oxidative stress’ and changes
to cell signalling pathways are identified as the mechanisms of UFP effects [439, 440].
Transition metals in particular have been associated with altering cell signalling path-
ways [436] and have been associated with adverse health effects [438, 439, 441]. Of
these, antimony, copper, and iron are the most significant and have the potential to
cause long term cardiovascular and pulmonary damage.
In most toxicological experiments, dose rates of NSPs are significantly higher than
would be expected from typical in vivo exposure; this can cause changes in the mech-
anism of response to the poison within the human body, and therefore increase (or
decrease) their toxicity [436]. There is currently a lack of data with respect to typical
human exposure levels to NSPs. However, it has also been demonstrated that nucle-
ation of NSPs into larger bodies reduces or eliminates their toxic potential [442]. Such
nucleation occurs more quickly between NSPs and larger particles than between NSPs
alone [436].
D.3 Biological studies on brake wear debris
Kukutschova` et al. performed two microbioassays (the ‘Ames’ test and the ‘SOS Chro-
motest’) upon brake wear debris from dynamometer tests and a ball-milled sample of
bulk friction material. It was found that the wear debris had potency for interacting
with DNA (after metabolic activation) and was potentially toxic and that the bulk
friction material was potentially mutagenic [4]. It was reported that tribochemical re-
actions at the brake interface may create compounds that are more toxic than the bulk
material itself. The same study revealed an acute pulmonary response to ball-milled
virgin friction material in rats.
However, it is important to note that the doses involved were significantly higher
than would be experienced in ambient conditions and that some compounds become
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considerably more toxic in solution (as required for the SOS Chromotest) than in a
solid state.
Riediker and Gasser developed a system to expose cells directly to freshly emitted
brake wear particles (from an automotive vehicle) in vitro [443]. These authors used
A549 epithelial lung cells (which are a good model for the study of human lung cell
interaction with environmental particles) and found that brake wear particles induce
‘oxidative stress’ and ‘pro-inflammatory’ response reactions [422]. Different reaction
pathways were activated by the various compounds within the wear debris, but it was
not clear which compounds could be attributed to each response.
In vivo studies on highway patrol officers in North Carolina show that exposure to
PM2.5 generated by speed-changing road traffic has been linked to heart rate variability
and lung inflammation [438]. In this case, copper from brake friction materials was
identified as a significant causal factor.
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